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ABSTRACT 
 
Copper oxide (CuO), titanium oxide (TiO2) and copper (Cu) doped TiO2 (Cu/TiO2) thin 

films have been synthesized on to glass substrates for different molar concentrations (MC), 

different substrate temperatures (Ts) and various Cu doping by a spray pyrolysis technique 

(SPT) from aqueous solutions using cupric acetate Cu(CH3COO)2.H2O for CuO, titanium 

chloride (TiCl4) for TiO2 and Cu(CH3COO)2.H2O and TiCl4 for  Cu/TiO2 thin films as a 

precursor.   

All the CuO thin films, irrespective of Ts, show a monoclinic structure with the main CuO 

(111) orientation, and the crystallite size (D) is about 9.57 nm for the thin film synthesized 

with MC of 0.10 M at Ts of 350 °C. The optical transmission of the film is found to increase 

with the increase of MC from 0.05 to 0.10 M and then that decreases for the film with MC 

above 0.10 M. The optical band gap (Eg) is found to be 2.40 eV for MC of 0.05 M and then 

a minimum value 1.60 eV is observed for MC of 0.10 M. The room temperature electrical 

resistivities (ρ) are 31 and 24 Ω-cm for the films grown with MC of 0.05 and 0.15 M, 

respectively. The optical transmission of the film for MC of 0.10 M is found to increase 

with the increase of Ts. The Eg decreases from 1.90 to 1.60 eV and the room temperature ρ 

varies from 30 to18 Ω-cm for the films grown at Ts from 250 to 350 °C for MC of 0.10M. 

The higher values of activation energy (Ea) of CuO thin films may suggest that the prepared 

sample is stoichiometric. The Figure of merit for the CuO thin films deposited with MC of 

0.10 M and Ts of 350 °C is found to be 0.1424 Ω−1- cm−1. 

MC has a significant effect on surface morphology, crystalline quality and crystallite size 

of the TiO2 thin films. Energy dispersive analysis of X-ray (EDX) results clearly shows 

that the grains of TiO2 thin films typically comprise both Ti and O. The XRD studies show 

the formation of tetragonal structure with anatase phase and the D value of the film is about 

13 nm when films deposited at 400 °C from MC of 0.10M. The optical transmission of the 

films is found to increase from 60 to 80 % with the increases of MC. The value of Eg is 

decreased from 3.65 to 3.40 eV for the film of MC from 0.05 to 0.10 M whereas Eg 

increases for the films of MC above 0.10 M. 
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The ρ of the TiO2 thin films are 55.67 and 27.50 Ω-cm for MC of 0.05 M and 0.10 M, 

respectively. Strong diffraction peaks (101) and (200)  around at 25° and 48°, respectively, 

indicate TiO2 of tetragonal structure with anatase phase at different Ts for MC of 0.10 M, 

except film deposited at Ts of 250 oC which shows amorphous nature. Ea is maximum, 

0.028 eV for Ts of 400 oC and MC of 0.10 M of TiO2 thin film. The peaks are found to shift 

a little from their standard positions at higher Ts, indicating a small deviation in the lattice 

parameters. The optical transmission of the films is found to increase from 73 to 89 % for 

the films grown at Ts of 250-400 oC and above these Ts, transmition decreases. Eg decreases 

with Ts up to 400 oC and above these Ts, Eg does not very much. The room temperature ρ 

varies from 42 to 27.50 Ω-cm for Ts of 250 to 400 oC. It is observed that with increasing D 

of TiO2 thin film, the Eg shifts from 3.64 eV to 3.40 eV. Moreover, other possible 

influences of microstructure of TiO2 thin film, such as, surface roughness and thin film 

absorption on the modification of Eg may be present.   

Cu/TiO2 thin films have been prepared by SPT for MC of 0.10 M at Ts of 400 oC by 

variation of Cu doping (1-10 wt%). The XRD studies show that Cu/TiO2 thin films have 

only tetragonal structure with anatase phase. The optical transmission of the thin films is 

found to increase from 88 to 94 % with the addition of Cu up to 8 wt% and then decreases 

for higher percentage of Cu doping. Due to Cu doping, the Eg is shifted to lower energies 

and increases further with increasing concentration of Cu. The refractive index (n) 

decreases up to 8 wt% Cu doping, above 8 wt% Cu doping, n increases. The room 

temperature ρ of the films decreases with increasing Cu doping and is found to be 27 -23 

Ω-cm for Cu doping of 1-8 wt%. Ea increases with Cu doping and it is maximum, 0.0311 

eV, for 8wt% Cu doped TiO2 thin film. The Figure of merit of Cu/TiO2 thin films varies 

from 0.2238 to 0.0.2328 Ω-1-cm-1 for Cu doping from 0 to 10 wt% and it is maximum, 

0.2334 Ω-1-cm-1, for 8wt% Cu doped TiO2 thin film.  

It is evident from the present study that the Cu doping has modified the thin film 

morphology and so the effect on the structural, optical and electrical properties of the thin 

films.   
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Abbreviations and Symbols 
 

A                                     Absorbance 

AC                                   Alternating Current 

AFM                                Atomic Force Microscope 

DC                                   Direct Current  

EDX                                Energy Dispersive X-ray 

I                                       Current 

IR                                    Infrared 

J                                       Current Density 

MHz                                 Mega Hertz 

PVD                                 Physical Vapour Deposition 

SPT                                  Spray Pyrolysis Technique 

SEM                                 Scanning Electron Microscopy 

UV                                   Ultra-Violet 

Vis                                   Visible 

n                                       Refractive index 

T                                      Transmittance 

t                                       Sample Thickness 

            α                                      Absorption Coefficient 

k                                      Boltzmann Constant 

k                                      Extinction coefficient 

λ                                      Wavelength 

μ                                      Mobility of Charge Carrier 

θ                                      Diffraction angle 

ρ                                      Electrical Resistivity  

σ                                      Electrical Conductivity  
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CHAPTER-I 
 

GENERAL INTRODUCTION 
 
1.1 Introduction  

 

Thin films are thin material layers ranging from fractions of a nanometer to several 

micrometers in thickness. When a thin layer of solid material is formed on a solid substrate 

and if the layer thickness becomes comparable in magnitude to mean free path of the 

conduction electrons of solid material then this layer is termed as ‘Thin Film’. Thin Film 

technology is an important branch of Physics in which the characteristics of different 

materials such as, semiconductors and insulators in thin film form are investigated. The 

properties of thin films are quite different from their bulk counterparts. ‘Thin Solid Film’, 

a new branch of science, has a great demand in microelectronics. Although a large number 

of experimental and theoretical works has been reported in the literature on these materials, 

still there is lack of understanding of the various physical chemical characteristics of these 

materials.  So there has been a great interest to study transparent conducting oxide (TCO) 

thin films because these have important applications in thin film technology, particularly 

in solar cells, sensors, etc. These thin films are very efficient in reflecting broadband 

infrared heat radiation in a manner similar to highly conducting metal-like materials and in 

transmitting the light in the visible region as if they are insulators. Such spectrally selective 

coatings have wide applications in solar thermal energy conversion, solar photovoltaic 

conversion, solar heating, window insulation, and thermal insulation in lamps. The main 

requirement for thin film solar cells is the window material, which allows the visible region 

of solar spectrum to pass through but reflect the infrared (IR) radiation. This can be 

achieved by the development of TCO coatings such as copper oxide (CuO), zinc oxide 

(ZnO), tin oxide (SnO2), nickel oxide (NiO), titanium oxide (TiO2), indium oxide (In2O3), 

etc. [1-6].  

From technological point of interest, I-VI, IV-VI and I- IV-VI group compound 

semiconductor thin films synthesized by various techniques have been investigated. These 

materials, show unique characteristics such as chemical inertness, stability to heat 

treatment, mechanical hardness, etc.  

http://en.wikipedia.org/wiki/Layer
http://en.wikipedia.org/wiki/Nanometre
http://en.wikipedia.org/wiki/Micrometre
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A large number of studies have been performed on the thin films, yet these materials need 

further study to find new materials for electronic and optical based applications. It is 

necessary to do both fundamental and applied research on these kinds of materials. For the 

development of fundamental and applied research and consequently to enrich knowledge 

in this field it is necessary to do research and analysis. Therefore it is very important to 

take this research programme to gather more knowledge in this field. The knowledge 

gained from research in the field of thin film science can be applied successfully for the 

technological development in the country. For all these applications, it is necessary to 

perform an accurate characterization of surface morphology, crystal structure, optical 

properties, electrical properties which include, surface structure, electrical conductivity, 

optical transmittance, energy band gap, refractive index, optical losses etc. Surface 

roughness, inhomogenity and intrinsic defects, etc. are the causes of the optical losses. 

From practical point of view, these properties can severely degrade or modify the 

performances of a component. Overall, the structural, optical and electrical properties of 

the thin films depend on the method of the preparation. So highly conducting 

semiconductors have attracted the interest of many researchers because of their wide 

applications in technology,   

CuO is a low energy band gap p-type semiconductor, and it is one of the hardest materials 

due to high melting and boiling points. CuO is abundant and relatively of low cost 

compound. TiO2 is an n-type semiconductor, non toxic, soluble in water, high melting and 

boiling points and high optical transparency. CuO and TiO2 are non toxic, so these are not 

harmful to the environment and living beings.  Cu is cheap and nontoxic available material 

on earth. When Cu doped in TiO2, concentration of charge carriers, chemical and physical 

properties of TiO2 may change. A good homogeneous and stoichiometric thin film is 

expected to be grown by Cu doping in TiO2.  

A lot of works have been done on these materials but still new approach is coming up to 

find simple route and to synthesize quality films for better performance. Several methods 

have been used to synthesize TCOs thin films. These include physical vapour deposition 

[7], sol-gel deposition technique [8], spray pyrolysis technique (SPT) [9], electron beam 

evaporation deposition [10], reactive magnetron sputtering [11], pulsed laser deposition 

[12], chemical vapour deposition (CVD) [13]. SPT has emerged as one of the most 
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promising techniques as this method produces samples with good homogeneity at low cost. 

This simple and economical technique has attracted attention for commercial production 

and other reasons. SPT offers an extremely easy way to prepare films with dopants, 

virtually any element in any proportion by merely adding it in a spray solution [14]. It also 

offers an opportunity to have reactions at low temperatures (200-500 °C). The versatile 

nature of this technique lays in the way various parameters that include effect of precursors, 

deposition rate, thickness of the film, substrate temperature (Ts), dopants, in-situ annealing 

treatments, and solution concentrations, etc. can easily be controlled. Various types of 

metal oxide, metallic spinel oxide, binary and ternary chalcogenides and superconducting 

oxides can be prepared by SPT. The versatility of the homemade SPT unit has been 

demonstrated by way of preparing reasonably good quality thin films of CdO, SnO2 etc. 

with Cu doping [15-16]. In considering the importance of these materials in the field of 

optoelectronic devices, particularly solar cells, high purity oxide thin films would be 

prepared using a homemade SPT system at different substrate temperature (Ts) (250-

450 °C), different molar concentration (MC) (0.05-0.15 M), and different doping (Cu) 

concentration, so as to reduce the preparation cost and make it economically more viable. 

The present research work aimed at the production of uniform, conductive pure CuO, TiO2 

and Cu doped TiO2 (Cu/TiO2) thin films by a low cost technique which is particularly 

attractive because of its simplicity, fast, inexpensive, and suitable for mass production [17] 

using precursor solution of Cu(CH3COO)2.H2O, TiCl4, and mixture of Cu(CH3COO)2.H2O  

and TiCl4 respectively.  

 
1.2 Properties of Copper Oxide (CuO) and Titanium Oxide (TiO2) 
CuO (I-VI compound) is a secondary copper mineral, a rare earth metal, and the most stable 

form of oxidized copper. TiO2 also known as titanium oxide or titania (IV-VI compound), 

is the naturally occurring oxide of titanium. When deposited as a thin film, its refractive 

index and colour make it an excellent reflective optical coating for dielectric mirrors and 

some gemstones like "mystic fire topaz". Their properties are described in the Table 1.1 

below.  

 

http://en.wikipedia.org/wiki/Oxide
http://en.wikipedia.org/wiki/Titanium
http://en.wikipedia.org/wiki/Dielectric_mirrors
http://en.wikipedia.org/wiki/Gemstone
http://en.wikipedia.org/wiki/Topaz
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Table 1.1 Standard data for CuO and TiO2 

 
Properties Copper Oxide Titanium Oxide 

Molecular Formula CuO TiO2 

Molar Mass 79.55 g/mol 79.87 g/mol 

Appearance Black Powder White 

Density 6.31 g/cm3 4.23 g/cm3 

Melting Point 1201 °C 1843 °C 

Boiling Point 2000 °C 2972 °C 

Solubility in Water Insoluble Soluble 

Type of semiconductor p type n type 

Energy Band Gap 1.35 eV 3.2 eV 

Crystal Structure Monoclinic Tetragonal 

Lattice Constants a= 4.652 Å 

b= 3.410 Å 

c= 5.108 Å 

a= 3.7300Å 

b= 3.7300Å 

c= 9.3700Å 

 
 
1.3 Areas of Thin Films Application 
Thin films have superior electrical conductivity, high transparency, and chemically inert, 

mechanically hard, uniform, stoichiometric and can withstand high temperature, so these 

films are to be used in different fields. Thin films are broadly used in today’s technology, 

and their applications are expected to be even more widespread in future. Thin films are 

most commonly used for antireflection, achromatic beam splitters, color filters, narrow 

pass band filters, semitransparent mirrors, heat control filters, high reflectivity mirrors, 

polarizer’s and reflection filters [18-28]. 
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It is not possible to give an exhaustive survey over thin film application, but a list of them 

is given bellow. 

a) Electrically Functional: 
     

(i) Conductors, Insulators (resistors, capacitors) 

(ii) Semiconductor, Super-conductors devices 

(iii) Contacts 

(iv) Micro electronic devices 

(v) Solar cells 

 b) Optically Functional: 
 
(i) Solar absorbing coatings 

(ii) Automotive windows 

(iii) Display devices 

(iv) Mirrors 

(v) Anti- reflection layers on optical components 

c) Magnetically Functional: 
       

(i) Computer memories, Computer logic elements 

(ii) Radio-frequency and microwave 

 
d) Mechanically Functional: 
    
    (i) Adhesion, lubrication, micromechanics 

    (ii) Hard coatings for cutting tolls 

e) Chemically Functional: 
     
    (i) Barriers to diffusion or alloying 

    (ii) Batteries 

    (iii) Gas/liquid sensors 

f) Decorative: 
 
(i) Eyeglass frames  

(ii) Watch bezels and bands 

(iii) Costume jewelry 
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CuO has been studied as a semiconductor material because of natural abundance of starting 

material (Cu); low cost production processing; non-toxic nature; and reasonably good 

electrical and optical properties [29]. CuO is attractive as a selective solar absorber since 

it has high solar absorbency and a low thermal emittance (Yoon et al 2000). Furthermore, 

it is a promising semiconductor for solar cell fabrication due to its suitable optical 

properties (Oral et al 2004) and its uses as gas sensor devices [30].  TiO2 attracts much 

attention in recent years because of its unique physical and chemical properties, such as 

high refractive index, excellent optical transmittance in the visible and near-infrared 

regions, high dielectric constant and good insulating properties, photocatalytic activity and 

chemical stability [31-38]. As a result it is widely used as protective layer for very large 

scale integrated (VLSI) circuits and for manufacture of optical elements. Additionally TiO2 

films have potential uses for a number of electronic device applications such as dye-

sensitized photovoltaic cells as well as antireflective (AR) coatings, gas sensors, 

electrochromic displays, and planar waveguides.  

 

1.4 Reviews of the Earlier Research Works on Thin Films  
Thin film science has grown world-wide into a major research area and hence transition 

metal-doped semiconducting thin films have attracted much attention due to their wide 

applications in areas such as photonic devices, transparent conductive oxide materials, 

photovoltaic cells, catalysts and gas sensors [39-44]. The importance of coatings and the 

synthesis of new materials for industry have resulted in a tremendous increase of innovative 

thin film processing technologies. Currently, this development goes hand-in-hand with the 

explosion of scientific and technological breakthroughs in microelectronics, optics and 

nanotechnology. A second major field comprises process technologies for films with 

thicknesses ranging from one to several microns. Presently, rapidly changing needs for thin 

film materials and devices are creating new opportunities for the development of new 

processes, materials and technologies. 

Copper oxide-based materials are of interest on account of their potential uses in many 

technological fields. Copper oxide thin films were deposited on glass substrates at various 

growth temperatures by the reactive radio-frequency magnetron sputtering method [45]. 

The band gap energy, carrier concentration and Figure of merit of the CuO thin films were 
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found to depend significantly on the growth temperature. All of the CuO films, irrespective 

of growth temperature, showed a monoclinic structure with the main CuO (111) 

orientation, and the crystallite size, determined by using Debye-Scherrer’s formula, was 

about 50 nm for the thin film deposited at 25 °C. The highest Figure of merit occurred for 

the film grown at 300 °C with an optical transmittance of 62.9% in the wavelength range 

of 800-1100 nm. The results suggest that the optimum growth temperature for growing 

high-quality CuO thin films is 300 °C. 

Nanostructured CuO thin films were prepared on conducting glass support (SnO2: F 

overlayer) via sol–gel starting from colloidal solution of copper (II) acetate in ethanol [46]. 

Films were obtained by dip coating under room conditions (temperature, 25–32°C) and 

were subsequently sintered in air at different temperatures (400–650°C). X-ray (XRD) 

diffraction patterns of CuO films obtained at different sintering temperatures and reveal 

formation of single phase CuO with tenorite structure. The peaks at 2θ angle 35.57, 38.76, 

61.60, 65.88 and 67.99° with dhkl 2.5, 2.3, 1.5, 1.4 and 1.4 Å correspond to diffraction from 

planes (111), (111), (113), (022) and (113), respectively, of CuO. The lattice parameters of 

films were calculated as a = 4.67–4.72 Å, b = 3.42–3.49 Å, c = 5.12–5.20 Å and β = 99.20–

99.60°, which are very close to the expected values from JCPDS 05-0661, for CuO. 

Microstructure of the films changes on varying film preparation conditions, particularly 

the sintering temperature. Optical band gap of the films, measured by employing a UV-vis 

scanning spectrophotometer, lies at 1.72–1.79 eV. Hence, the films of CuO obtained by 

this method may be exploited as cheap and efficient solar light absorber. However, their 

use for PEC splitting of water is possible only with an external bias. The films prepared at 

lower sintering temperature (=400–500 °C) yield higher photocurrent and are more 

efficient for photosplitting of water.Resistivity increases with thickness and thicker films 

are less effective in photoconversion. 

Copper forms two well known oxides: cuprite (Cu2O) and tenorite (CuO). CuO is attractive 

as a selective solar absorber since it has high solar absorbency and a low thermal emittance. 

CuO is a p-type semiconductor having a band gap of 1.21–1.51 eV and monoclinic crystal 

structure with lattice parameters a = 4.6837 ˚A, b = 3.4226 ˚A, c = 5.1288 ˚A and β = 99.54◦ 

[49-50] useful for fabrication of variety of devices. Furthermore, it is a promising 

semiconductor for solar cell fabrication due to its suitable optical properties. CuO is readily 
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available and nontoxic and this makes it even more attractive for different applications. 

CuO is attractive as a selective solar absorber since it has high solar absorbency and a low 

thermal emittance. Furthermore, it is a promising semiconductor for solar cell fabrication 

due to its suitable optical properties. CuO has been studied as a semiconductor material 

because of natural abundance of starting material (Cu); low cost production processing; 

non-toxic nature; and reasonably good electrical and optical properties high optical 

absorption coefficient in the visible range (0.4–0.7 μ m) and reasonable good electrical 

properties make it suitable for fabrication of thin film solar cells with theoretically 

achievable efficiency up to 13% [29]. 

Single phase, epitaxial, transparent p-type CuAlO2 films have been successfully grown on 

c-plane sapphire substrates by a polymer-assisted deposition (PAD) technique [51]. As can 

be seen from the SEM images of different magnifications, the film is dense and uniform 

with no detectable micro-cracks. The film is transparent, having an optical transmission of 

60–80 % in the whole visible range. A sharp absorption edge was observed around the 

wavelength of 400 nm. The energy bandgap for the direct band transition is estimated to 

be 3.6 eV. The desired crystal structure and chemical stoichiometry of the films have been 

confirmed by XRD.   

CuOthin films were deposited on glass substrates by reactive rf sputtering from a copper 

target in an argon-oxygen atmosphere [52].The films were characterised by AFM, XPS, 

four point electrical resistivity probe measurements and spectrophotometry. The electrical 

sheet resistance of the films was found to vary from greater than 4 x 105 ohms/square for 

films prepared at 200W R.F. power to as low as 20 ohms/square for films prepared at 800W 

r.f. power. The variation in the electrical resistivity of the films with deposition conditions 

has been explained in terms of stoichiometric changes induced by copper or oxygen ion 

vacancies and neutral defects. The formation of these defects depends on the sticking 

coefficient, nucleation rates and the migration of impinging copper and oxygen species on 

the substrate during deposition. This information is expected to underlie the successful 

development of CuO thin films for solar windows and other semi-conductor applications 

including gas sensors.  

Thin films of cuprous oxide have been deposited on glass substrates by sputtering of copper 

target at different substrate temperature in the range 303-523 K and at oxygen partial 
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pressure of 2x10-2 Pa using RF magnetron sputering method [53]. The deposited films are 

characterised by studying crystallographic structure with XRD, surface morphology by 

atomic microscopy, and electrical and optical properties. The effect of substrate 

temperature on the physical properties of the deposited films has been systematically 

studied. The films deposited at 303 K are found amorphous while those formed at higher 

temperatures are polycrystalline with improved crystallinity. The electrical resistivity of 

the films decreases from 29 to 8 ohm and optical band gap increases from 2.15 to 2.32 eV 

with the increase of substrate temperature from 303 to 523 K. The AFM study revealed 

that grain size of the films increased from 20 to 130 nm with the increase of substrate 

temperature from 303 to 524 K. 

CuO thin films have been synthesized by a sol–gel method using cupric acetate Cu (CH3 

COO) as a precursor. XRD patterns of CuO thin films showed that all the films were 

nanocrystallized in the monoclinic structure. The crystallite size increased from 40 to 45 

nm with increasing annealing temperature. The room temperature DC electrical 

conductivity was increased from 10-6 to 10-5 (Ω-cm)-1 [54]. CuO thin films prepared by 

thermal preparation methods have resistivities in the range 102-104 Ω-cm [55]. Copper 

Oxide thin films were deposited by vacuum evaporation on silicon substrates in 

temperatures varying from 150 up to 450 °C. XRD patterns showed that in the copper oxide 

films two phases coexist: CuO and Cu2O. Their proportions vary with oxidation 

temperature. Substrate temperatures up to 225 °C Cu and Cu2O were formed while above 

this temperature CuO formed. Pure Cu2O was obtained at 225 °C while pure CuO was 

found above 350 °C. Fourier transform infrared (FTIR) transmittance spectra confirmed 

the results from the XRD [56]. CuO thin films were deposited using a reactive DC 

sputtering method and the structure of the films determined by means of an XRD analysis 

indicated that the phase of copper oxide can be synthesized in the total pressure and 

temperature ranges of 6-8.5 mbar and 151-192 oC, respectively. The resistivity of the film 

synthesized at a Ts of 192 oC increases from 0.104 to 0.51 Ω- m after absorbing CO2 gas at 

135 oC. The gas sensitivity of the film synthesized at the Ts of 192 oC increased up to 5.1 

in the presence of CO2 gas at 160 oC. The gas sensitivity in the presence of N2 gas reached 

only 1.43 even at 200 oC [30].  
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CuO thin films having different thicknesses (20,100,200) nm were deposited into glass 

substrates by a R.F. magnetron sputtering process using copper oxide target under (Ar) 

pressure and R.F. sputtering power of 130 W. XRD results suggested that the deposited 

CuO films were formed by nanoparticles with average particle size in the range of (4 - 11) 

nm. The results of these films have high absorbance in ultraviolet, visible regions and high 

transmittance in near infrared region. The optical properties concerning the absorption and 

transmission spectra were studied for the prepared thin films. The energy band gap were 

found to be in the range of (2.25 eV to 2.6 eV) When the film thickness varying from 20 

nm to 200 nm [57]. 

CuO thin films were deposited on glass substrates by double dip method at various molar 

concentrations of copper sulphate salt. The structural studies revealed the deposited films 

exhibited polycrystalline nature with monoclinic structure. The change in the molar 

concentration of copper sulphate salt has pronounced effect on the microstructural 

properties of deposited thin films. XPS and EDS spectra confirmed the presence of Cu and 

O. Deposited films showed a high absorbance in the visible range with the band gap value 

of 1.3 eV making it a suitable material as semiconductor tandem absorber for solar cells. 

The prepared CuO thin films are identified as suitable candidates for optoelectronic devices 

and solar cell fabrication [58].  

Hole conducting, optically transparent Cu2O thin films on glass substrates have been 

synthesized by vacuum annealing (5× 10−6 mbar at 700 K for 1 hour) of magnetron 

sputtered (at 300 K) CuO thin films. The Cu2O thin films are p-type and showed enhanced 

properties: grain size (54.7 nm), optical transmission 72% (at 600 nm). The XRD pattern 

and optical transmittance is shown in Fig. 1.1 and Fig. 1.2 respectively [59].   
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Fig. 1.1.XRD of copper oxide thin films: “as deposited”, annealed in vacuum at 623K, 
and annealed in vacuum at 700 K   
 
 
 

 
 

Fig. 1.2 (a) Optical transmission spectra of 250 nm thick copper oxide thin films (b) Tauc 

plots of copper oxide thin: as deposited, 623 K vacuum annealed and 700 K vacuum 

annealed 



13 
 

 Sn:CuO films with different Sn concentrations from 0 to2.0 mol% were prepared on glass 

substrates using a sol–gel method [60]. The obtained films showed good crystallinity and 

a smooth morphology. All the films exhibited a polycrys-talline CuO phase with a 

monoclinic structure. No XRD peaks of SnO2 were observed, which indicated that SnO2 

had entered the crystal lattice of CuO. The crystallite size decreased from approximately 

84.1–61.8 nm with increasing Sn content. The Sn:CuO film with1.5 mol% SnO2 showed 

the lowest band gap 1.95 eV.  All films showed a mean transmittance of more than 80 %, 

and the band gap was reduced from 2.00 to 1.96 eV with increasing Sn content. Overall, 

Sn doping has a great influence on the structural, electrical and optical properties of 

Sn:CuO films. Effects of the Sn content of Sn:CuO films on the surface (Fig. 1.3), 

resistivity, carrier concentration and mobility as shown in Fig. 1.4.  

 
 
Fig.  1.3 SEM images of the Sn:CuO films with different Sn concentrations: (a) 0 mol%,  
(b) 1.0 mol%, (d) 1.5 mol% 
 

 
Fig.  1.4 Effects of the Sn content of Sn:CuO films on the resistivity, carrier concentration and 

mobility 

b c a 
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CuO has been established as a number of applications like gas sensors, solar photovoltaic, 

lithium ion electrode, etc. prepared by different techniques [61-64]. 

The results of structural characterization of SnO2 films doped by impurities such as Fe, Cu, 

Ni, and Co during spray pyrolysis deposition [65] from 0.2 M SnCl4–water solutions were 

presented. The change of parameters such as film morphology, the grain size, texture, and 

the intensity of X-ray diffraction peaks were controlled. It was shown that the doping 

promoted the change of the film morphology and the decrease of the SnO2 grain size; 

however, these changes were not great. The doping influence becomes apparent more 

obviously for thin films and the films deposited at low temperatures (Tpyr =350 °C). At 

higher pyrolysis temperatures (Tpyr = 450 °C), the influence of the doping on both the grain 

size and the film morphology was weakened. We concluded that used additives had 

dominant influence on the structural properties of SnO2 at the initial stages of the film 

growth, as well as at the stages of twinning and agglomeration of the SnO2 crystallites. It 

was shown that the increase in the contents of the fine dispersion phase in as-deposited 

film is an important consequence of the SnO2 doping. 

Optical properties of pure and antimony (Sb) doped tin oxide (SnO2) thin films, prepared 

from SnCl2 precursor [66], have been studied as a function of Sb doping concentration. 

This paper investigates the variation of optical and electrical properties of the as-deposited 

films with Sb doping. The doping concentration was varied from 0-4 wt. % of Sb. All the 

films were deposited on microscope glass slides at the optimized substrate temperature of 

400° C. The films are polycrystalline in nature with tetragonal crystal structure. The details 

on the optical properties along with the sheet resistance values are investigated. The sheet 

resistance of the undoped films is decreased with initial doping of antimony to attain a 

minimum value and increased for higher level of doping. The sheet resistance achieved for 

the films doped with 2 wt. % Sb is the lowest among the earlier reports for these films from 

SnCl2 precursor. The change in the sheet resistance is explained in terms of different 

oxidation states of antimony. The sheet resistance of SnO2 thin films was found to decrease 

from 38.22 Ω/square to 2.17 Ω/square for undoped and antimony doped films respectively. 

The transmittance increases initially with increase in doping concentration and then 

decreases for higher doping levels which is attributed to light absorption. The transmittance 
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of the films was observed to increase from 42 % to 55 % (at 800 nm) on initial addition of 

Sb and then it is decreased for higher level of Sb doping.  

TiO2 has been recently used to realize high-temperature ferromagnetic semiconductors. In 

fact, it has been widely used for a long time as white pigment and sunscreen because of its 

whiteness, high refractive index, and excellent optical properties [67]. Tran and Blaha’s 

modified Becke-Johnson (TB-mBJ) exchange potential (plus a local density approximation 

correlation potential) within the density functional theory to investigate electronic 

structures and optical properties of rutile and anatase TiO2. The energy gaps obtained from 

mBJ method agree better with the experimental results than that obtained from local density 

approximation (LDA) and generalized gradient approximation (GGA), in contrast with 

substantially overestimated values from many-body perturbation (GW) calculations. As for 

optical dielectric functions (both real and imaginary parts), refractive index, and extinction 

coefficients as functions of photon energy, mBJ calculated results are in excellent 

agreement with the experimental curves. This approach can be used as a standard to 

understand electronic structures and the related properties of such materials as TiO2. 

Photocatalytic TiO2 films on glass and quartz plates were obtained by the chemical vapour 

deposition using Ti(dpm)2(Opri)2 complex compound (CC-CVD method) in a standard 

vacuum apparatus at 1.2–2.0 × 10−4 mbar [68]. The substrate temperature was stabilised 

in the range of 450–600 ◦C. The growth rate varied from several nanometres to several 

dozen of nanometres per minute. Two different crystalline forms, rutile and anatase, could 

be prepared using these precursors, as demonstrated by XRD. The photocatalytic activity 

of the TiO2 thin films was studied using a photocatalytic reactor.  

TiO2 thin films have wide applications because of their useful electrical and optical 

properties, such as high refractive index, high dielectric constant, and excellent 

transmittance in the visible and near infrared range. TiO2 films grown by RF magnetron 

sputtering without oxygen (O2) addition showed considerable optical loss due to the optical 

absorption by an oxygen deficiency in the film and the scattering by large surface 

roughness. However, TiO2 films grown with O2 addition had a stoichiometric composition 

and a smooth surface morphology without optical loss. Substrate heating during deposition 

enhanced the packing density and crystallinity of the film, and as a result, TiO2 films with 

higher refractive index (2.50) and better homogeneity could be obtained with substrate 
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heating between 200 oC and 400 oC [5]. TiO2 and doped TiO2 thin films were obtained by 

RF sputtering method and showed that structure of TiO2 thin films was influenced by the 

substrate used and also by doping with cerium (Ce), niobium (Nb) and iron (Fe) impurities. 

Consequently, the transmittance was also modified [69]. Anatase TiO2 thin films were 

successfully prepared on foam nickel (Ni) substrates by sol-gel technique using tetrabutyl 

titanate as precursor [28]. Ni2+ doping due to the foam (Ni) substrates resulted in the 

extension of absorption edges of TiO2 films from ultraviolet (UV) region to visible (Vis) 

light region (λ<520 nm). The photocatalytic activities of TiO2 thin films were investigated 

by photocatalytic degradation reactions of gaseous acetaldehyde, an indoor pollutant, under 

UV light irradiation. TiO2 thin films have been deposited on microscope glass substrate by 

SPT by varying Ts, molarity of solution and solution spray rate [70]. XRD patterns 

indicated that the films have amorphous and polycrystalline structure and the size of the 

crystallites have been changed from 9 to 48 nm. The optical band gap of the TiO2 films 

was determined to be about 3.40 to 3.65 eV due to the change of deposition conditions. 

The electrical conductivity of the TiO2 film prepared by spin coating method on indium tin 

oxide (ITO) coated glass substrate was found to be very high (3.46 ×105 Ω−1-cm−1) and 

comparable to that of the bare ITO glass [71]. The hemin-doped TiO2 thin films have been 

prepared by liquid phase deposition technique on soda lime glass [72]. The UV-vis 

spectrum shows the optical band gap of TiO2 thin films to be 3⋅2 eV and XRD pattern of 

the thin films shows a single anatase phase at annealing temperature of 500 °C with some 

orientation effect in [101] peak. The rate of degradation increased with increasing 

concentration of hemin. Fluorine (F) doped TiO2 (FTO) powders were synthesized by SPT 

from an aqueous solution of H2TiF6 [73]. The resulting FTO powders possessed spherical 

particles with a rough surface morphology and a strong surface acidity. The F 

concentrations in the FTO powders calculated from X-ray photoelectron spectroscopy 

(XPS) spectra significantly depended on Ts and ranged from 2.76 to 9.40 at.%. The FTO 

powder prepared at Ts of 1173 K demonstrated the highest photocatalytic activity for the 

decomposition of gas-phase acetaldehyde under both UV irradiations. It was interesting to 

point out that the Vis photocatalytic activity of FTO powders was achieved by the creation 

of surface oxygen vacancies rather than the improvement of optical absorption property of 

bulk TiO2 in Vis region.  
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Fig.1.5(a, b) TiO2 photocatalyst films having an anatase crystal structure with different 

thickness were prepared by the low-pressure metal organic chemical vapor deposition 

(LPMOCVD) to examine the effect of growth conditions on photocatalytic activity [74]. 

Film thickness was linearly proportional to the deposition time. Structure of the film was 

strongly dependent on the deposition time. In early stage of deposition, fine particles 

deposit on the substrate. As increasing the deposition time, crystal orientation is gradually 

selected following the Kolmogorov model and c-axis oriented columnar crystals become 

dominant. The photocatalytic activity strongly depends on the film deposition time (or film 

thickness) in nonlinear way. The optimum thickness of TiO2 catalyst film grown by 

LPMOCVD may locate between 3 and 5 mm.   

 
Fig. 1.5(a) SEM of TiO2 thin films grown by LPMOCVD at different deposition times 

 
Fig. 1.5(b) Thickness of TiO2 film as a function of deposition time 

M/TiO2 (M = Ag, Cu) thin films on quartz were prepared by RF magnetron co-sputtering 

process and the calcination effects on their optical and structural properties were 
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investigated [75]. These films were amorphous below 300 oC, and these were anatase phase 

at 300–700 °C. The crystallite size of the anatase phase and the agglomerates of primary 

particles of the M/TiO2 thin films increase with increasing calcination temperature. TiO2 

thin films with higher refractive index and better homogeneity were obtained with substrate 

heating between 200 °C and 400 °C. TiO2 thin films were prepared by chemical spray 

pyrolysis from aqueous solutions and it was shown that it had three different kinds of 

polymorphous crystalline forms: rutile, anatase, and brookite [76].The rutile phase is 

always formed at higher temperatures, while the anatase phase is formed at lower 

temperatures and transformed into rutile phase above Ts of 800 ºC. The refractive index 

lies in the range between 2.01 and 2.29.  

TiO2 thin films prepared with and without lithium (Li) and Nb were uniform, crack-free, 

stoichiometric, and amorphous when deposited at 300 °C and below; and were 

polycrystalline anatase when deposited at 400 °C. Films prepared around 200 °C were very 

porous, but the porosity was decreased as Ts increased [77]. Optical absorption spectra 

revealed an indirect band gap of 3.0 eV for amorphous and anatase films and a direct band 

gap of the same value in rutile. Dark dc conductivity of undoped films was lower than 10 -

10 (Ohm-cm)-1.  The presence of Nb and Li increased the conductivity by 2–3 orders of 

magnitude, similar to the effect of hydrogen annealing.  

TiO2 thin films were obtained using the metal-organic chemical vapor deposition 

(MOCVD) method [78], film thickness increased with deposition time as expected, while 

the transmittance varied from 72 to 91% and the refractive index remained close to 2.6.  

Multilayer TiO2/WO3 thin films deposited on silicon and glass substrate by pulsed laser 

deposition (PLD) method [79]. The Multilayer film has higher photocatalytic activity than 

TiO2 film under visible light irradiation. Clear diffraction peaks of anatase TiO2 [(101), 

(105), (211)] are observed in both films. Weak and broad peaks from WO3 [(002), (004)] 

may result from its thickness and low deposition temperature. The films of different WO3 

mixing ratio showed almost the same results. XRD and UV–VIS transmittance spectra are 

shown in Fig. 1.6 (a, b) of TiO2/ WO3 multilayer film deposited using a TiO2 target. In both 

cases, optical absorption edge increased from 300 nm to 350 nm with increasing WO3 ratio 

in the film. This means that film of TiO2/WO3 multilayer structure can be activated by light 

of longer wavelength without decreasing transmittance in visible region. 
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    Fig. 1.6 (a) XRD pattern of TiO2/WO3            Fig.1.6 (b) Transmittance of TiO2/WO3 
    multilayer thin film, target: TiO2                       multilayer thin film, target: TiO2                        
 

TiO2 films were prepared by sol–gel methods with butyltitanate as main raw materials 

butyltitanate (Ti(OC4H9)4 [80]. The results indicated that the TiO2 films have better 

electrochromic properties when the films are amorphous with heat treatment temperature 

at 250 °C and applied voltage of  ± 2V with respect to the reference electrode. The UV-vis 

transmission spectrum of TiO2 film under different heat treatment temperature is shown in 

Fig. 1.7.  

 
Fig. 1.7 The UV-vis transmission spectrum of TiO2 film under different heat treatment 

temperature 
TiO2 thin films have been prepared from tetraisopropyl-orthotitanate solution and ethanol 

as a solvent by sol gel dip-coating technique [81]. The films and dry powder from the solgel 

solution were calcined at 500 °C for 1 hour. It was found that the film consisted of fine 
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titanium dioxide grains homogenously deposited on the indium tin oxide coated (ITO) 

glass.  

Substrate dipping in a composite sol-gel solution was used to prepare smooth and rough 

thin films of TiO2 on fiberglass from solution of titanium (IV) isopropoxide as sol-gel 

precursor and cetyltrimethyl-ammonium bromide as surfactant. [82]. In all samples, the gel 

films were converted to the anatase phase by calcining them at 500 °C. Both smooth and 

rough anatase thin films were obtained with a short immersion of fiberglass into the sol-

gel with or without surfactant. All TiO2 thin films deposited on fiberglass after a short 

immersion into the sol-gel were homogeneous and continuous. The gel film deposited on 

glass changes from a composite structure to TiO2 when is calcined at 500 ºC. The Raman 

study carried on the TiO2 films showed that the films are formed predominantly of anatase 

phase. Nevertheless, this also could depend on the duration of the thermal treatment. 

Optical sensors or semiconductor wires are potential applications of these fibers with TiO2 

film. Moreover, this novel material could be used as a catalytic material in some oxidation 

processes or photo degradation reactions.  

Amorphous TiO2 thin films and TiO2/ZnFe2O4 composite films were deposited by r.f. 

magnetron sputtering [83]. The influence of post deposition annealing on the structural and 

optical properties was studied. It was established that the anatase single phase exists 

between 250 and 800 °C for the TiO2 thin films, and between 450 and 650 °C for the 

composite films. The optical band gap was determined for films annealed between 300 and 

700 °C. The absorption edge of TiO2 thin flms and TiO2/ZnFe2O4 composite films exhibits 

a blue shift with decreasing annealing temperature. The absorption edge of composite films 

has moved to visible spectrum range. A reduction of optical energy gap from 3.64 to 3.78 

eV for TiO2 thin films was noticed, which is considered mainly due to the change of the 

energy gap of the disorder crystal in TiO2 films. And the reduction was from 3.14 to 3.56 

eV for ZnFe2O4/TiO2 composite films, which is believe caused by direct (Franck±Condon 

type) transition in an otherwise indirect band gap semiconductor. A very large red shift of 

the absorption edge of TiO2/ZnFe2O4 composite films occurs in comparison with TiO2 thin 

films. The red shift is considered mainly induced by the interface effect between ZnFe2O4 

and TiO2 particles.  
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Nanostructure TiO2/Ag composite thin films were prepared by a sol-gel spin and dip 

coating technique while, by introducing methyl cellulose (MC) porous, TiO2/Ag films were 

obtained after calcining at a temperature of 500  oC [84] All the prepared composite films 

exhibited anatase-phase TiO2 as determined by XRD. MC-TiO2 films with Ag additions 

exhibited porous nanostructure but differed from that of porous TiO2 film. The 

photocatalytic properties of the prepared thin films were evaluated by degrading methyl 

orange under UV. ANPSGF-MC-Ag, MPC500SGF-MC-Ag, and P25SGF-MC-Ag 

composite films exhibited 64%, 42%, and 69% degradation, respectively. By making the 

TiO2 film porous and adding Ag element, the photocatalytic performance of the TiO2 based 

composite films can be improved significantly.  

NiOx thin films were grown on quartz-glass substrates by two-step process: oxidation of 

metal Ni thin film which was obtained by vacuum evaporation method [85]. The structural, 

optical and electrical properties of NiOx thin film were investigated by X-ray diffraction, 

absorption spectra and Hall measurement, respectively. The oxidation temperature could 

influence the structural, electrical and optical properties of NiOx thin film. At lower 

oxidation temperature (623 K), the oxidation process was not finished completely. With 

the increase of oxidation temperature, Ni thin films were totally oxidized into p-type NiO 

thin films and the optical absorption edge became steeper. Furthermore, the conductivity 

and carrier concentration of p-type NiO thin film decreased with the increase of oxidation 

temperature.  

The values of Eg for films are higher than that of bulk NiO (3.55 eV) and can be attributed 

to the reduced dimension of the crystallites. NiO/TiO2 films with various NiO film 

thicknesses ranging from 10 to 320 nm were deposited on silicon and glass substrates by 

e-beam evaporation at 200 °C, and then annealed in H2 atmosphere at 500 °C for 1 h in 

order to reduce the NiO film to Ni grains on the TiO2 film [86]. The results showed that an 

amorphous TiO2 was obtained as deposited at 200 °C and that the structure changes to the 

anatase phase after 500 °C annealing. As deposited, crystalline NiO films with XRD 

patterns similar to that of powder were obtained; however, diffraction peaks of (111) and 

(200) Ni appeared after annealing in H2 atmosphere. Ni nanograins, coarsened grains, and 

films were obtained on the TiO2 films when the NiO film with a thickness from 10 to 320 

nm was reduced in H2 atmosphere at 500 °C. The transmittance of the Ni/TiO2 films 
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decreased with an increase in Ni particle size. The vis absorption measurement showed that 

the peak shifted toward a shorter wavelength with a decrease in Ni particle size. 

There are different techniques to prepare oxide thin films under different deposition 

parameters: substrate temperature, time and flow rate of deposition, amount of base 

material, distance between the substrate and spray gun tip, and dopant concentration like 

as vapour deposition technique [3], electron beam evaporation deposition technique [10], 

spray pyrolysis technique (SPT) [15, 17], RF magnetron co-sputtering [75], MOCVD 

method [78], solgel [87], etc. The present research work aimed at to the production of 

uniform, transparent, and conductive CuO, TiO2 and Cu doped TiO2 (Cu/TiO2) thin films 

by an inexpensive and locally fabricated spray pyrolysis system [88] using a precursor 

solution of Cu(CH3COO)2.H2O, TiCl4 and Cu(CH3COO)2.H2O + TiCl4 respectively and to 

study the effect of Cu doping of the precursor solution on the structural, optical and 

electrical properties of prepared thin films.  

 
1.5 Objectives of the Present Work  
On account of the numerous applications of oxide thin films, an attempt has been made to 

prepare such oxides thin films by locally fabricated SPT and to characterize these thin films, 

so as to reduce the preparation cost and make it economically feasible. From technological 

point of interest, I-IV-VI group compound semiconductor thin films would be deposited 

on to glass substrates by SPT. The plan of the present work is to carry out the investigation 

of structural, optical and electrical properties of CuO, TiO2 and Cu/TiO2 thin films 

synthesized by SPT. The study of these oxide thin films is motivated by their applications 

as a solid state gas sensor material, oxidation catalyst, transparent conductive coatings 

material, etc. Thin film processing techniques and research are strongly related to the basic 

research activities. A good homogenous and stoichiometric thin film with high efficiency 

is expected to be grown by taking the advantage of the low cost technique, SPT. Through 

careful control of the deposition parameters, it is possible to tailor the films with respect to 

specific chemical functionality, thickness and other chemical and physical properties.  

These deposition parameters include: Ts, substrate position, flow rate, distance between 

substrate and solution nozzle, and reactor type. Achievement of high optical transparency 

and electrical conductivity simultaneously in thin film is governed by the deposition 
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parameters, the dopants, and control of non-stoichiometry. Such good controllability of the 

thin films from aqueous solutions has great advantages on economy, convenience and 

capacity of large area deposition for production design.  

From these points of view, SPT has been chosen to synthesize CuO, TiO2 and Cu/TiO2 thin 

film from aqueous solutions in the present research work. Recently researches have shown 

that simple (binary) metal oxides in many cases did not have a combination of properties, 

necessary for the fabrication of the gas sensors, satisfying the requirements such as high 

sensitivity and good selectivity at high temporal stability of operating characteristics. 

Those problems could be resolved by an optimization of the metal oxide matrix 

composition through doping by various additives. The additives, e.g., Cu doping can 

change parameters of the metal oxides such as the phase, composition, crystallite size, 

concentration of charge carriers, chemical and physical properties of the metal oxide matrix.  

Therefore, it is decided that optically transparent and low resistive, homogeneous and 

stoichiometric CuO, TiO2 and Cu/TiO2 thin films with high efficiency will be grown by 

using the low cost technique spraying the precursor solution onto a heated glass substrate. 

In this research work, three classes of samples would be synthesized by the followings 

three steps:     

(i) Copper oxide thin films would be prepared from aqueous solutions of 

Cu(CH3COO)2.H2O  of different MC (0.05-0.15M) at Ts  of  350 oC and by variation of  Ts 

(250-450 oC) for MC of 0.10 M.   

(ii) TiO2 thin films would be prepared from aqueous solutions of TiCl4 of different MC 

(0.05-0.15M) at Ts of 400 oC and by variation of Ts (250-450 oC) for MC of 0.10 M. 

(iii) Cu/TiO2 thin films would be prepared at Ts of 400 oC from aqueous solutions (0.10 M) 

of Cu(CH3COO)2.H2O (1 – 10 wt%) + TiCl4 (99 – 90 wt%).   

The following investigations would be carried out on the synthesized oxide thin films: 

(i) The thickness of the films would be measured by interferometric method (Fizeau 

fringes) 

(ii) The surface morphology and elemental analysis would be observed by Scanning 

electron microscopy (SEM) and Energy dispersive analysis of X-rays (EDX), respectively. 

(iii) The structural investigations would be performed by X-ray diffraction (XRD).    

(iv) The optical properties would be investigated by UV-visible spectroscopy. 



24 
 

(v) The electrical properties would be investigated by van-der Pauw method. 

Finally, the findings would be discussed in relation to the MC, Ts and Cu doping. It is 

expected that this study would help to find better materials for application in electronic and 

optoelectronic devices. 

 
1.6 Thesis Layout 
This thesis is organized into five chapters as follows: 

Chapter 1, the general introduction, begins with an introduction followed by standard data 

for copper oxide and titanium oxide, applications areas of thin films, brief review of oxide 

thin films, aim of the present work and thesis layout.  

Chapter 2, the theoretical background chapter, discussing the different aspects of formation 

of thin films, surface morphology, elemental contamination, structural, optical and 

electrical properties. This chapter, also, provides the descriptions of various techniques for 

thin film deposition and theories on the different investigation methods.  
Chapter 3 focuses experimental details with the description of film deposition and 

measurement in details. 
Chapter 4 contains results and discussion on investigation of surface morphology, 

elemental analysis, structural analysis, optical properties, electrical properties, Figure of 

merit, etc. 

Chapter 5 includes conclusions of the findings and suggestions for future work. 

A complete list of references has been given at the end of each chapter.  
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CHAPTER-II 
 

THEORETICAL BACKGROUND 
 
2.1 Introduction  

Thin film studies have directly or indirectly advanced many new areas of research in solid 

state physics and chemistry which are based on phenomena uniquely characteristic of the 

thickness, geometry, and structure of the film [1-2]. 

Each material surface is exposed to various environmental influences. The surface of a 

solid body is subjected to corrosion and wear and interacts with light and electromagnetc 

fields. From the technological point of view the miniaturization of mechanic, electronic, 

optical and optoelectronic components permanently increases the surface to volume ratio 

of the involved materials. In modern material science specific surface properties therefore 

gain increasing importance. The act of applying a thin film to a surface is known as thin-

film deposition. Thin film deposition is a technique for depositing a thin film of material 

onto a substrate or onto previously deposited layers. "Thin" is a relative term, but most 

deposition techniques allow layer thickness to be controlled within a few tens of 

nanometers, and some (molecular beam epitaxy) allow single layers of atoms to be 

deposited at a time [3-5]. 

The properties of the film or coating have to differ significantly from the bulk. The limit 

between "thin" and "thick" films cannot generally be defined, although literature 

sometimes gives an arbitrary value of 1 μm. Basically, a film can be considered as "thin" 

when its properties are significantly different from the bulk. This can be due to:  

1. The increasing surface to volume ratio as decreasing film thickness, 

2. The microscopic structure which is dependent on the deposition parameters 

In general the physical property of thin films depends on a number of factors, such as 
 
I. The nature of substrates 

It may be non-crystalline solids e.g., glass of vitreous silica or crystalline such as cleavage 

plates of rock salt or mica. To select a particular substrate one has to take into consideration 

of the lattice parameter of the substrate so that it matches to the lattice parameter of the 
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grown film, otherwise structural mismatch may create mechanical fracture of the film. It 

should be comparable with that of the substrate material. It should 

be comparable with that of the film material. 

II. Substrate temperature 

The temperature of substrate during deposition of film may affect the film properties. At 

low temperature polycrystalline films with high densities of structural imperfections are 

formed on both vitreous and crystalline substrate, but a high temperature oriented single 

crystal films are formed on crystalline substrates. 

III. Pressure and nature of residual gas in deposition chamber 

If the deposition chamber is not evacuated with the evaporated atoms can not reach the 

surface of the substrate. They interact with the gas molecules within the chamber and 

scattered inside the chamber. Sufficient low pressure is necessary for deposition of thin 

film on substrate. 

IV. Temperature of evaporation source 

If the temperature of the evaporation source is increased uniformly, then the film is likely 

to be uniform; otherwise it may not be uniform due to sudden increase in temperature. 

V. Deposition rate and film thickness 

The temperature at which epitaxy occurs is dependent on the deposition rate. Substrate 

temperature decreases with increasing deposition rate. Film thickness mainly depends on 

deposition rate and deposition time. If the deposition increases, the film thickness also 

increases having the same deposition time. 

VI. Post deposition annealing of the films 

Heating the deposited film below its melting point maintain a constant temperature a 

certain period, and then cooling it back to room temperature is known as annealing. 

Properties of deposited films are related to the annealing temperature. The post-annealing 

process removes some defects of the films. It plays an important role in the surface mobility 

of the atoms. 
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2.2 Formation of Thin Films  

 

2.2.1 Introduction  
The deposition process of a film can be devided into three basic phases: 

1. Preparation of the film forming particles (atoms, molecules, cluster) 

2. Transport of the particles from the source to the substrate 

3. Adsorption of the particles on the substrate and film growth 

These phases can - depending on the specific deposition process and/or on the choice of 

the deposition parameters - be considered as either independent or as influencing one 

another. The former is desirable since it allows controlling the basic steps independently 

and therefore yields a high flexibility in the deposition process. 

The importance of coatings and the synthesis of new materials for industry have resulted 

in a tremendous increase of innovative thin film processing technologies. The properties 

of thin film strongly depend on their structure. So it is important to know the factors that 

govern the structure of the film. In thin film preparation, there are involved three steps: 

a) Creation of atomic or molecular species 

b) Transport of these species through a medium 

c) Condensation of the species on a substrate.  

 

Thin film is prepared by deposition of the film materials (metals, semiconductors, 

insulators, dielectric etc.) atom by atom on a substrate through a phase transformation. 

Sufficient time interval between the two successive deposition of atoms and also layers are 

required so that these can occupy the minimum potential energy configuration. In 

thermodynamically stable films, all atoms (or molecules) will take up positions and 

orientations energetically compatible with the neighboring atoms of the substrate or to the 

previously deposited layers, and then the effect substrate or the initial layers will diminish 

gradually [6].  
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2.2.2 Different Stages of Film Formation 
Basic steps of thin film growth are- 

1. Thermal accommodation 

2. Adsorption (physisorption) of atoms/molecules 

3. Surface diffusion 

4. Formation of molecule-molecule and substrate-molecule bondings (chemisorption) 

5. Nucleation: aggregation of single atoms/molecules 

6. Structure and microstructure formation (amorphous- polycrystalline - singlecrystalline, 

defects, roughness, etc.) 

7. Changes within the bulk of the film, e.g. diffusion, grain growth etc 

In thin film formation there are three mechanisms of thin film condensations which can be 

distinguished, depending on the strength of interaction between the atoms of the growing 

film and between the atoms of the film and substrate. These are: 

a) The layer by layer growth 

b) A three dimensional nucleation, forming, growth and coalescence of islands 

c) Absorption of monolayer and subsequent nucleation on the top of this layer. 

In most cases, mechanism (b) takes place and we shall focus our attention on this 

mechanism in brief.  

 

2.2.3 Condensation  
Much research on the mechanism of thin film growth has been done with evaporated films; 

extensive information on initial growth has been published by D. W. Pashley and his co-

workers [7]. The structural behavior and properties of films depend on the growth process. 

Thin film is most commonly prepared by the condensation of atoms from the vapor phase 

of a material means, the transformation of a gas into a liquid or solid. The condensation of 

vapor atom is determined by its interaction with the impinged surface in the following 

manner. The impinging atom is attracted to the surface by the instantaneous dipole and 

quadruple moments of the surface atoms. As a result, the atoms losses its velocity 

component normal to the surface in a short time, provided the incident kinetic energy is 

not too high. The vapor atoms is then physically absorbed (called adatom), but it may or 

may not be completely thermally equilibrium. It may move over the surface and its own 
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kinetic energy parallel to the surface. The adatom has a finite stay or residence time on the 

surface during which it may interact with other adatoms to form a stable cluster and be 

chemically absorbed, with the release of the heat of condensation. If not absorbed, the 

adatom evaporates or desorbs into the vapor phase. Therefore, thermodynamically, the only 

requirement for condensation to occur is that partial pressure of the film material in the gas 

phase be equal or larger than its vapor pressure in the condensed phase at that temperature 

[8]. 

The probability that an impinging atom will be incorporated into the substrate is called the 

“condensation” or “striking” coefficient. It is measured by the ratio of the amount material 

condensed on a surface to the total amount impinged. In fact, often the striking coefficient 

is so small that condensation is not observable by ordinary techniques. On the other hand, 

the striking coefficient is found to be strongly dependent on the total time during which the 

substrate was subjected to the impingement, and also on the substrate temperature. A non-

unity striking coefficient is usually explained in terms of monomer re-evaporation form the 

areas on the substrate which are outside, the capture zones around each stable nucleus. 

 

2.2.4 Nucleation 
The stable clusters are called nuclei and the process of formation nuclei is called nucleation 

i.e. nucleation is the birth stage of a film. Condensation is initiated by the formation of 

small cluster through the combination of several absorbed atoms. These clusters are called 

nuclei and the process of formation is called nucleation. 

There are two types of nucleation occur during the formation of a film;  

I) Homogeneous nucleation: The total free energy is used in the formation of a cluster of 

adatoms. 

II) Heterogeneous nucleation: Particular shapes of clusters are formed by collisions of 

atoms on the substrate surface, and in the vapor phase its super saturation is sufficiently 

high. [9].They initially developed with in increase in free energy until a critical size is 

reached above which growth continues with a decrease in free energy. In atomistic theory, 

in low substrate temperature or very high super saturations, the critical nucleus may be a 

single atom which will form a pair with another atom by random occurrence to become a 

stable cluster and grow spontaneously. 
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2.2.5 Growth 
The growth sequence of a film was originally deduced by Andrade from the observed 

optical transmission behavior of silver films. This deduction is in remarkable agreement 

with the electron microscope observations. The process of enlargement of the nuclei to 

final form a coherent is termed as growth. Different stages of film growth are shown in Fig. 

2.1. There are four stages of the growth process based on the electron microscope 

observations are: 

i) The island stage 

ii) The coalescence stage 

iii) The channel stage 

iv) The continuous film stage  

 

 
 

Fig. 2.1 Different stages of thin film growth 

 

2.2.5 (i) The Island Stage 

When a substrate under impingement of condenses monomers is observed in the electron 

microscope, the first evidence of condensation is a sudden burst of nuclei of fairly uniform 

size. The smallest nuclei detected have a size of 2.0 to 3.0 nm. Growth of nuclei is three 

dimensional, but the growth parallel to the substrate is greater than that normal to it. This 

is probably because growth occurs largely by the surface diffusion of monomers on the 

substrate, rather by direct impingement from the vapor phase. The tendency to form an 

island structure is increased by 

I) At high substrate temperature 
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II) At low boiling point of film material 

III) At low deposition rate 

IV) At weak binding energy between film material and substrate 

V) At high surface energy of the film material and 

VI) At low surface energy of the substrate. 

 

2.2.5 (ii) The Coalescence Stage 

As island increases their size by further deposition and come closer to each other, the larger 

ones appear to grow by coalescence of the smaller ones. The coalescence occurs in less 

than 0.1s for the small nuclei. After coalescence has taken place, the island assumes a more 

hexagonal profile is often faulted. A sequence of micrographs illustrating the effects as 

shown in Fig.2.1 where island which eventually becomes crystallographically shaped. 

 

2.2.5 (iii) The Channel Stage 

When larger islands grow together they have channels of interconnected holes of exposed 

substrate in the form of a network structure on the substrate. As deposition continues, 

secondary nucleation occurs in these channels and forms the last stage of nucleation. 

 

2.2.5 (iv) Continuous Film Stage 

This is the final stage of the film growth. This process is slow and filling the empty channels 

which requires a considerable amount of deposits. These empty channels are filled by 

secondary nucleation, growth and coalescence and in this way a continuous film are formed. 
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2.2.6 Polycrystalline and Amorphous Thin Films 

The film deposited by spray pyrolysis are generally polycrystalline or amorphous in 

structure. Lower temperature and higher gas phase concentration are actually favorable in 

forming polycrystalline film. In this situation the rate of arrival of the aerosol at the surface 

is high, but the surface mobility of absorbed atoms is low. A large number of differently 

oriented nuclei are formed, after coalesce between them the films that are obtained possess 

grains of different orientation. Further decrease in temperature and increase in super 

saturation result in even more nuclei and consequently in finer grained films are deposited. 

When crystalline is completely stopped formation of amorphous film is favored [10]. 

 

2.2.7 The Incorporation of Defects during Growth  
When the islands during the initial stages of thin film growth are still quite small, they are 

observed to be perfect single crystal. A large number of defects are incorporated in the film 

during their recrystallization process at the early stage of film formation [11]. The defects 

that are usually encountered in spray deposited films are lattice vacancies, stoichiometric 

excess and grain boundary. Another type of defect namely surface roughness which stems 

from the quality of the sprayer is especially important in the use of spray deposited films. 

The properties of the film are strongly affected due to surface roughness if the film 

thickness is low. The most frequently encountered defects in evaporated films are 

dislocations, which are less important in chemical spray deposited films.  
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2.3 Theoretical Aspect of Different Preparation Methods of Thin Films 
   
     
2.3.1 Introduction  
The vast varieties of thin film materials, their deposition processing and fabrication 

techniques, spectroscopic characterization and optical characterization probes that are used 

to produce the devices. It is possible to classify these techniques in two ways [1-2]. 

1. Physical Process 

2. Chemical Process. 

Physical method covers the deposition techniques which depends on the evaporation or 

ejection of the material from a source, i.e. evaporation or sputtering, whereas chemical 

methods depend on physical properties.Structure-property relationships are the key 

features of such devices and basis of thin film technologies. Underlying the performance 

and economics of thin film components are the manufacturing techniques on a specific 

chemical reaction [3]. Thus chemical reactions may depend on thermal effects, as in vapour 

phase deposition and thermal growth. However, in all these cases a definite chemical 

reaction is required to obtain the final. The methods summarized in table 3.1 are often 

capable of producing films defined as thin films, i.e. 1 μm or less and films defined as thick 

films, i.e. 1 μm or more. However, there are certain techniques which are only capable of 

producing thick films and these include screen printing, glazing, electrophoretic 

deposition, flame spraying and painting. 

1. Physical Process or Physical Vapour Deposition (PVD): PVD processes proceed along 

the following sequence of steps:  

a) The solid material to be deposited is physically converted to vapour phase; 

b) The vapour phase is transported across a region of reduced pressure from the source to 

the substrate; 

c) The vapour condenses on the substrate to form the thin film.  

The conversion from solid to vapour phase is done through physical dislodgement of 

surface atoms by addition of heat in evaporation deposition or by momentum transfer in 

sputter deposition. The third category of PVD technique is the group of so called 

augmented energy techniques including ion, plasma or laser assisted depositions. 
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2. Chemical Vapour Deposition (CVD): Chemical vapour deposition can be defined as a 

material synthesis method in which the constituents of vapour phase react together to form 

a solid film at surface. The chemical reaction is an essential characteristic of this method; 

therefore, besides the control of the usual deposition process variables, the reactions of the 

reactants must be well understood. Various types of chemical reactions are utilised in CVD 

for the formation of solids are pyrolysis, reduction, oxidation, hydrolysis, synthetic 

chemical transport reaction etc. Thin films can be deposited by number of physical and 

chemical techniques and can be classified as shown in Table 2.1.  
 

Table:2.1  Classification of thin film deposition techniques  

 

Physical Process (PVD) Chemical Process (CVD) 
Sputtering Phase 

 
Evaporation Gas Gas Phase Liquid Phase 

Glow discharge 
DC sputtering 

 

Vacuum 
Evaporation 

 

Chemical vapour 
Deposition 

Electro-deposition 
 

Triode 
Sputtering 

 

Resistive 
heating 

Evaporation 
 

Laser Chemical 
vapour deposition 

 

Chemical bath 
deposition (CBD) 

 

Getter 
Sputtering 

 

Flash 
Evaporation 

Photo-chemical 
vapour deposition 

 

Electro less 
deposition 
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Among the methods mentioned in the Table 2.1, the chemical methods are economical and 

easier than that of the physical methods. Physical methods are expensive but give relatively 

more reliable and more reproducible results. Most of the chemical methods are cost 

effective, but their full potential for obtaining devise quality films has not been fully 

explored [2]. But there is no ideal method to prepare thin films, which will satisfy all 

possible requirements. Among the chemical methods, probably the simplest method 

available for this purpose is spray pyrolysis technique (SPT) ind it is the most popular 

technique today because large number of conducting and semiconducting thin films can be 

prepared by this technique.    

Generally each method has its advantages and limitations. Here some of the commonly 

used techniques are described briefly. Among these techniques, the spray pyrolysis is well 

suited for the preparation of pure and doped oxide thin films. This technique has the 

advantage of simple and inexpensive experimental arrangement. In this case though, 

intrinsic advantages of SPT have been used to deposit CuO, TiO2 and Cu/TiO2 thin films.  

 
2.3.2 Sol-gel Process   
During sol-gel thin film formation via dipping, polymeric or particulate inorganic 

precursors are concentrated on the substrate surface by a complex process involving 

gravitational draining with concurrent drying and continued condensation reactions. The 

structure of films deposited from polymeric precursors depends on such factors as size and 

structure of the precursors, relative rates of condensation and evaporation, capillary 

pressure, and substrate withdrawal speed.  

Sol-gel method is a wet chemical route for the synthesis of colloidal dispersions of oxides 

which can be altered to powders, fibers, thin films and monoliths [12]. In general, sol-gel 

method consists of hydrolysis and condensation reactions. Sol-gel coating as shown in Fig. 

2.2 is a process of preparation of single or multicomponent oxide coating which may be 

glass, glass ceramic or crystalline ceramic depending on the process. Also, the 

nanomaterials used in modern ceramic and device technology require high purity and 

facilitate to control over composition and structure. The solgel coating is one of the 

interesting methods because it has many advantages. Examples are as the followings  
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1. The chemical reactants for sol-gel process can be conveniently purified by distillation 

and crystallization.  

2. All starting materials are mixed at the molecular level in the solution so that a high 

degree of homogeneity of films can be expected. 

3. Organic or inorganic salts can be added to adjust the microstructure or to improve the 

structural, optical and electrical properties of oxide films. 

4. The sol-gel coating is almost exclusively applied for fabrication of transparent layers 
with a high degree of planarity and surface quality. 
 
 

 
 

Fig. 2.2 Generalized scheme of sol-gel synthesis 
 
2.3.3 Pulsed ion-beam Evaporation (IBE) Method 
Evaporation or sublimation techniques are widely used for the preparation of thin layers. 

A very large number of materials can be evaporated and, if the evaporation is undertaken 

in vacuum system, the evaporation temperature will be very considerably reduced, the 

amount of impurities in the growing layer will be minimised. In order to evaporate 

materials in a vacuum, a vapour source is required that will support the evaporant and 

supply the heat of vaporisation while allowing the charge of evaporant to reach a 

temperature sufficiently high to produce the desired vapour pressure, and hence rate of 
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evaporation, without reacting chemically with the evaporant. To avoid contamination of 

the evaporant and hence of growing film, the support material itself must have a negligible 

vapour pressure and dissociation temperature of the operating temperature.Laser beam 

evaporation has also come in to use recently. The laser source is situated outside the 

evaporation system and the beam penetrates through a window and is focused on to the 

evaporate material, which is usually fine powder form [13].  

A schematic of the experimental setup for thin film preparation by Pulsed ion-beam 

evaporation (IBE) method [14] is shown in Fig. 2.3. The Left-hand side represents an ion 

beam diode chamber, which produces a pulsed light ion beam (LIB), while the right-hand 

side represents the chamber to prepare thin films. The intense pulsed ion beam was 

extracted from the magnetically-insulated diode (MID) with a geometrically focused 

configuration. The MID consists of an aluminum anode, on which the flashboard (1.5 mm 

polyethylene) was attached as the ion source, and the cathode with slits to extracting the 

ion beam. The gap distance between the anode and the cathode is 10 mm. To achieve 

geometric focusing of the beam, the anode and the cathode were shaped as concave 

structures with curvature of 160 mm. The current supplied by the external slow capacitor 

bank produced a transverse magnetic field (~1 T) between the anode and the cathode, by 

which the electrons were magnetically insulated. The beams were mainly composed of 

protons (>75%) and some carbon ions.  

 
    

 
 

 
 
 
 
 
 
 
 

 
 
 
 
 

Fig. 2.3 A schematic of the pulsed ion-beam evaporation (IBE) method 
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2.3.4 Sputtering Method   
If a surface of target material is bombarded with energetic particles, it is possible to cause 

ejection of the surface atom: this is the process known as sputtering (Fig. 2.4). The ejected 

atoms can be condensed on to a substrate to form a thin film. This method has various 

advantages over normal evaporation techniques in which no container contamination will 

occur. It is also possible to deposit alloy films which retain the composition of the parent 

target material. DC sputtering, radio frequency sputtering and magnetron sputtering 

methods are the oldest types of sputtering used [15-16]. High pressure oxygen sputtering 

and facing target sputtering are the two new methods introduced for deposition of thin films 

for applications in superconducting and magnetic films. Sputtering is a mechanism by 

which atoms are dislodged from the surface of a material as a result of collision with high-

energy particles. Thus, PVD by Sputtering is a term used to refer to a physical vapor 

deposition (PVD) technique wherein atoms or molecules are ejected from a target material 

by high-energy particle bombardment so that the ejected atoms or molecules can condense 

on a substrate as a thin film.  Sputtering has become one of the most widely used techniques 

for depositing various metallic films on wafers, including aluminum, aluminum alloys, 

platinum, gold, TiW, and tungsten [17]. This method can possibly be used to synthesize 

thin films of other oxide materials as well. All the films were deposited in a chamber with 

a base pressure of 10¡7 Torr using rf Plasma Products RF-10. Ar was used as the sputtering 

gas.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 2.4 Schematic diagram of the magnetron sputtering system 
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2.3.5 Chemical Vapor Deposition 
 In this process, the substrate is placed inside a reactor to which a number of gases are 

supplied. The fundamental principle of the process is that a chemical reaction takes place 

between the source gases. The product of that reaction is a solid material with condenses 

on all surfaces inside the reactor. The two most important CVD technologies in MEMS are 

the Low Pressure CVD (LPCVD) and Plasma Enhanced CVD (PECVD). The LPCVD 

process produces layers with excellent uniformity of thickness and material characteristics. 

The main problems with the process are the high deposition temperature (higher than 

600°C) and the relatively slow deposition rate [18]. A schematic diagram of a typical 

LPCVD reactor is shown in the Fig. 2.5. CVD processes are ideal to use when we want a 

thin film with good step coverage. A variety of materials can be deposited with this 

technology; however, some of them are less popular with fabs because of hazardous 

byproducts formed during processing. The quality of the material varies from process to 

process, however a good rule of thumb is that higher process temperature yields a material 

with higher quality and less defects.  

 

Fig. 2.5 Schematic diagram of a LPCVD system 
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2.3.6 Plasma-enhanced Chemical Vapor Deposition (PECVD) 
 
PECVD [19] is a process used to deposit thin films from a gas state (vapor) to a solid state 

on some substrate. There are some chemical reactions involved in the process which occur 

after creation of plasma of the reacting gases. The important feature of glow discharge 

plasma is the non-equilibrium state of the overall system. In the plasmas considered for the 

purpose of plasma polymerization, most of the negative charges are electrons and most of 

the positive charges are ions. Due to large mass difference between electrons and ions, the 

electrons are very mobile as compared to the nearly stationary positive ions and carry most 

of the current. Energetic electrons as well as ions, free radicals, and vacuum ultraviolet 

light can possess energies well in excess of the energy sufficient to break the bonds of 

typical organic monomer molecules which range from approximately 3 to 10 eV. Some 

typical energy of plasma species available in glow discharge as well as bond energies 

encountered at pressure of approximately 0 .01 mbar. A high-tension transformer along 

with a variac is connected to the feed-through attached to the lower flange. While 

increasing the applied voltage, the plasma is produced across the electrodes at around 0.15-

mbar chamber pressure. Fig 2.6 shows the photograph of glow discharge plasma across the 

electrodes in the capacitively coupled parallel plate discharge chamber.  

 
 
 
 
 
 
 
 
 
 
 
 
 

 

Fig. 2.6 Plasma polymerization Chamber 
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2.3.7 Molecular Beam Epitexy 
Epitaxy means growth of film with a crystallographic relationship between film and 

substrate. Molecular beam epitaxy is a technique for epitaxial growth via the interaction of 

one or several molecular or atomic beams that occurs on a surface of a heated crystalline 

substrate [20]. In Fig.2.7 a scheme of a typical MBE system is shown. The solid sources 

materials are placed in evaporation cells to provide an angular distribution of atoms or 

molecules in a beam. The substrate is heated to the necessary temperature and, when 

needed, continuously rotated to improve the growth homogeneity. Ultra high vacuum 

(UHV) is the essential environment for MBE. Therefore, the rate of gas evolution from the 

materials in the chamber has to be as low as possible. Focusing on the possibility that, 

despite the fact that MBE processes occur under strong nonequilibrium conditions, for the 

III/V elements, a thermodynamic approach can be used on the basis of equations for mass 

action in combination with the equations describing the conservation of the mass of the 

interacting elements.  

 

 
 

Fig. 2.7 Diagram of a molecular beam epitaxy 
 
 



52 
 

2.3.8 Thermal or Vacuum Evaporation Method 
Among physical vapor deposition techniques thermal evaporation (TE) [21] is the one with 

the longest standing tradition. In intelligence, the story of high temperature superconductor 

(HTS) film deposition can serve as an example how this technique, sometimes regarded as 

old – fashioned, still bears a high potential for innovation and surprising efficiency. This 

technique is the simple, convenient and most widely used method for the preparation of 

the films. TE is the classical technique applied for metal - plating of glass or plastic surfaces, 

like e.g. aluminum coatings widely used for capacitors, plastic wrappings, and as barrier 

against water diffusion. It is evident that the deposition of quaternary metal – oxide 

compounds imposes quite different requirements to the technique and will go far beyond 

the rudimentary concept of evaporating a single metal in a vacuum chamber. The necessary 

features of a conventional HTS deposition system are depicted in Fig. 2.8. The metal 

species the superconductor is composed of are evaporated in high vacuum ambient. In this 

method materials are vaporized by heating to a sufficient high temperature and then 

condensation of the vapor into a relatively cooler substrate yielding thin solid films.  

 

  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 2.8 Thermal evaporation method 
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2.3.9 Spin Coating Process 

Spin coating (Fig. 2.9) has been used for several decades for the application of thin films. 

A typical process [22] involves depositing a small puddle of a liquid resin onto the center 

of a substrate and then spinning the substrate at high speed (typically around 3000 rpm). 

Centripetal acceleration will cause the resin to spread to, and eventually off, the edge of 

the substrate leaving a thin flm of resin on the surface. Final film thickness and other 

properties will depend on the nature of the resin (viscosity, drying rate, percent solids, 

surface tension, etc.) and the parameters chosen for the spin process. Factors such as final 

rotational speed, acceleration, and fume exhaust contribute to how the properties of coated 

film are denned. One of the most important factors in spin coating is repeatability. Subtle 

variations in the parameters that defne the spin process can result in drastic variations in 

the coated film. 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 2.9 Schematic diagram of the spin coating process 
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2.3.10 Spray Pyrolysis Technique  
Spray pyrolysis technique (SPT) has been applied to deposit a wide variety of thin films 

[23-24]. These films were used in various devices such as solar cells, sensors, and solid 

oxide fuel cells. SPT is a convenient, low-cost, very simple and rapid method for the 

deposition of thin films, and is suitable for industrial applications and has been used for 

about 30 years for the manufacture of conductive glass. It is also an excellent method for 

preparing films of semiconductor alloys and complex compounds [25]. 

It is observed that often the properties of deposited thin films depend on the preparation 

conditions. An extensive review of the effects of spray parameters on film quality is given 

to demonstrate the importance of the process of optimization. The substrate surface 

temperature is the most critical parameter as it influences film roughness, cracking, 

crystallinity, etc. Processes involved in SPT are discussed in this review as well.  

 
SPT is a process in which a thin film is deposited by spraying a solution on a heated surface, 

where the constituents react to form a chemical compound [26-27]. The chemical reactions 

are selected such that the products other than the desired compound are volatile at the 

temperature of deposition. We discuss here the method and its control; the properties of 

the films that have been deposited (particularly in relation to the conditions), some specific 

films, and device application. Because individual droplets evaporate and react very quickly, 

grain sizes are very small, usually less than 0.1/~m. The small grains are a disadvantage 

for most semiconductor applications. The use of low concentration and slow spray rates to 

improve film quality tends to frustrate the low-cost processing objective, but post 

deposition heat treatment of small-grain. Films can improve stoichiometry and crystallinity. 

The process is sensitive to variables, particularly temperature, and the measurement at the 

surface is uncertain. Not only do the physical and electronic properties of the film vary 

with temperature, but the deposition efficiency decreases with increased temperature; 



55 
 

stoichiometry is also affected, particularly for alloys. In spite of these difficulties, spray 

pyrolysis is an excellent method for the deposition of large-area thin films. 

Viguie and Spitz [28] classified chemical spray pyrolysis deposition process according to 

the type of reaction [28]. In chemical spray deposition processes classified according to the 

type of reaction. In process A, the droplet resides on the surface as the solvent evaporates, 

leaving behind a solid that may further react in the dry state. In process B, the solvent 

evaporates before the droplet reaches the surface and the dry solid impinges on the surface, 

where decomposition occurs. In process C, the solvent vaporizes as the droplet approaches 

the substrate; the solid then melts and vaporizes, and the vapor diffuses to the substrate, 

there to undergo a heterogeneous reaction. (They identify this process as true chemical 

vapor deposition.) In process D, the entire reaction takes place in the vapor state. In all 

processes, the significant variables are the ambient temperature, carrier gas flow rate, 

nozzle-to-substrate distance, droplet radius, solution concentration, solution flow rate, and-

-for continuous processes--substrate motion. To this list one should add the chemical 

composition of the carrier gas and/or environment, and, most importantly, substrate 

temperature. Most spray pyrolysis depositions are type A or B. In our experiment we have 

used a modified SPT and this will be discussed of the method and its control in some details 

later.  
 

 

 

 

 

 

 
 
 
 
 

 
 

Fig. 2.10 Description of the deposition processes initiated with increasing Ts 
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The schematic diagram of a spray pyrolysis technique is shown in Fig. 2.11. This technique 

involves spraying of an ionic solution, usually aqueous containing soluble salts of the 

constituent atoms of the desired compound onto heated substrates. Hydrolysis and 

pyrolysis are the main chemical reactions involved in the process. SPT is a process in which 

a thin film is deposited by spraying a solution on a heated surface, where the constituents 

react to form a chemical compound. The chemical reactants are selected such that the 

products other than the desired compound are volatile at the temperature of deposition. The 

small grains are a disadvantage for most semiconductor applications. The process is 

sensitive to variables, particularly temperature, and the measurement at the surface is 

uncertain. Not only do the physical and electronic properties of the film vary with 

temperature, but the deposition efficiency decreases with increased temperature; 

stoichiometry is also affected, particularly for alloys. The process is particularly useful for 

the deposition of oxides and has long been a production method for applying a transparent 

electrical conductor. In spite of these difficulties, spray pyrolysis is an excellent method 

for the deposition of large-area thin films. 

 

 
 

Fig. 2.11 Schematic diagram of a spray pyrolysis technique 
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Various thin films of pure and doped SnO2, In2S3,  ZnO,  CdS, etc. have been deposited by 

a homemade and inexpensive  spray pyrolysis set up which is established at the Spray 

Pyrolysis Laboratory, Dept. of Physics, BUET, Dhaka, Bangladesh [29-32]. So this thesis 

work has been undertaken to study the thin films of pure CuO, TiO2 and Cu doped TiO2 

synthesized by SPT.  

 

2.4 Theoretical Aspect of Different Measurement Techniques Used for 

Study of Thin Films       
2.4.1 Introduction  
The thin film thickness is one of the most significant film parameters and hence care should 

be taken to measure it. There are several methods for the measurement of film thickness 

and in the present work interference fringe method was used. There are several methods 

for surface morphology and structural characterization of thin films such as Scanning 

Electron Microscopy (SEM), Energy Dispersive Analysis of X-rays (EDAX) and X-ray 

Diffraction (XRD). For optical characterization measurement of thin films ultraviolet (UV) 

visible absorption spectroscopy is widely used. The electrical behavior of the films is 

characterized by van-der Pauw method. Here all these techniques are described from 

theoretical point of view.    

 

2.4.2 Measurement of Thin Film Thickness  
Thickness may be directly known by in-site monitoring the rate of deposition or it may be 

measured after the film is taken out of the deposition chamber. In the present work the later 

method was used k known as optical interference fringe method and this is described below 

in briefly.  

 

2.4.2.1 Optical Interference Fringe Method  

The thickness of the film can be measurement accurately by optical interference method 

and it is one of the best method comparative others process. In this method two reflecting 

surfaces are brought into close proximity to produce interference fringes. Weiner was the 

first to use interference fringes for the measurement of film thickness. Latter on using 
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Fizeau fringes, Tolansky developed this method to a remarkable degree and is now 

accepted as a standard method [33].When two reflecting surfaces are brought into close 

proximity, interference fringes are produced, the measurement of which makes possible a 

direct determination of film thickness and surface topography with high accuracy. In this 

method, two types of fringes are utilized for thickness measurement. The first produces 

Fizeu fringes of equal thickness, using a monochromatic light source. The second uses a 

white light source and produces fringes of equal chromatic order. The second method is 

prepared for thinner films.  

The Fizeu fringes method was used in the present work for the measurement of film 

thickness. For the experimental set up a low power microscope, a monochromatic source 

of light, a glass plate and an interferometer are required. To make the Fizeau fringes of 

equal thickness visible in a multiple beam interferometer formed by a thin absorbing film 

on a glass substrate, generally and auxiliary reflecting coating on the film surface is 

required. But if the experimental sample is transparent with a very smooth surface no such 

auxiliary coating is necessary [34]. 

The film whose thickness is to be measured is required to form a step on a glass substrate 

and over it another plane glass plate (Fizeau plate) is placed. This illuminated with a 

parallel monochromatic beam of light a fringe system as shown in Fig. 2.12 is produced 

and is viewed with low power microscope. In this method, thickness from 3 nm to 2000 

nm can be measured with an accuracy of ± 5nm. The fringe spacing and fringe 

displacement across the step are measured and used to calculate the film thickness. The 

displacement ‘h’ of the fringe system across the film substrate step is then measured to 

calculate the film thickness ‘t” using the relation 

                                       
2






spacingfringes

ht      …………………  ( 2.1) 

Where λ is the wavelength of the monochromatic light (sodium light,  = 5893 Ǻ) 
employed. 
If d is the fringe spacing then the film thickness t is given by, 

                                      t =
d
h

×
2


(nm)   ……………………………….. (2.2)                            

The thickness of the film was calculated by using equation (2.2).  
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Fig. 2.12 Interferometer arrangements for producing Fizeau fringes of equal thickness 

 
2.4.3 Surface Morphology and Compositional Analysis of Thin Films  
The study of surface morphology and compositional analysis of thin films is essential and 

more significant where as these characteristic X-rays are used to identify the composition 

and measure the abundance of elements in the sample.  In this thesis scanning electron 

microscopy (SEM) method is used to study the surface morphology and compositional 

analysis of prepared thin films. 
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Fringe spacing (d) Step height (h) 
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2.4.3.1 Scanning Electron Microscopy (SEM) 
A SEM is a type of electron microscope that images a sample by scanning it with a high-

energy beam of electrons in a raster scan pattern. The electrons interact with the atoms that 

make up the sample producing signals that contain information about the sample's surface 

topography, composition, and other properties such as electrical conductivity. The types of 

signals produced by an SEM include secondary electrons, back-scattered electrons (BSE), 

characteristic X-rays, light (cathodoluminescence), specimen current and transmitted 

electrons. Secondary electron detectors are common in all SEMs, but it is rare that a single 

machine would have detectors for all possible signals. The signals result from interactions 

of the electron beam with atoms at or near the surface of the sample. In the most common 

or standard detection mode, secondary electron imaging or SEI, the SEM can produce very 

high-resolution images of a sample surface, revealing details less than 1 nm in size. Due to 

the very narrow electron beam, SEM micrographs have a large depth of field yielding a 

characteristic three-dimensional appearance useful for understanding the surface structure 

of a sample. This is exemplified by the micrograph of pollen shown to the right. A wide 

range of magnifications is possible, from about 10 times (about equivalent to that of a 

powerful hand-lens) to more than 500,000 times, about 250 times the magnification limit 

of the best light microscopes. Back-scattered electrons (BSE) are beam electrons that are 

reflected from the sample by elastic scattering. BSE are often used in analytical SEM along 

with the spectra made from the characteristic X-rays. Because the intensity of the BSE 

signal is strongly related to the atomic number (Z) of the specimen, BSE images can 

provide information about the distribution of different elements in the sample. For the same 

reason, BSE imaging can image colloidal gold immuno-labels of 5 or 10 nm diameter 

which would otherwise be difficult or impossible to detect in secondary electron images in 

biological specimens. Characteristic X-rays are emitted when the electron beam removes 

an inner shell electron from the sample, causing a higher energy electron to fill the shell 

and release energy. These characteristic X-rays are used to identify the composition and 

measure the abundance of elements in the sample.  When the primary electron beam 

interacts with the sample, the electrons lose energy by repeated random scattering and 

absorption within a teardrop-shaped volume of the specimen known as the interaction 

volume, which extends from less than 100 nm to around 5 µm into the surface. The size of 
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the interaction volume depends on the electron's landing energy, the atomic number of the 

specimen and the specimen's density. The energy exchange between the electron beam and 

the sample results in the reflection of high-energy electrons by elastic scattering, emission 

of secondary electrons by inelastic scattering and the emission of electromagnetic radiation, 

each of which can be detected by specialized detectors. The beam current absorbed by the 

specimen can also be detected and used to create images of the distribution of specimen 

current. Electronic amplifiers of various types are used to amplify the signals which are 

displayed as variations in brightness on a cathode ray tube. The raster scanning of the CRT 

display is synchronised with that of the beam on the specimen in the microscope, and the 

resulting image is therefore a distribution map of the intensity of the signal being emitted 

from the scanned area of the specimen. The image may be captured by photography from 

a high resolution cathode ray tube, but in modern machines is digitally captured and 

displayed on a computer monitor and saved to a computer's hard disk. Schematic diagram 

of an SEM is shown in Fig. 2.13.   
  

 
Fig. 2.13 Schematic diagram of an SEM 
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2.4.3.2 Energy Dispersive Analysis of X-rays (EDX) 
Energy-dispersive X-ray spectroscopy (EDS or EDX) is an analytical technique used for 

the elemental analysis or chemical characterization of a sample. It is one of the variants of 

X-ray fluorescence spectroscopy which relies on the investigation of a sample through 

interactions between electromagnetic radiation and matter, analyzing X-rays emitted by the 

matter in response to being hit with charged particles. Its characterization capabilities are 

due in large part to the fundamental principle that each element has a unique atomic 

structure allowing X-rays that are characteristic of an element's atomic structure to be 

identified uniquely from one another. This is done by the SEM by focusing the X-ray beam 

on the full frame or a particular spot of the thin films. The analysis represents the individual 

weight (%) of the element that is present in the thin films.    

 

2.4.4 Structural Analysis of Thin Films  
X-ray diffraction is sensitive to thin films of atomic dimensions to thicknesses of many 

tens of microns, by virtue of the x-ray wavelengths employed and the very high 

diffractionspace resolutions attainable. X-ray methods are generally non-destructive, in 

that sample preparation is not required, and they can provide a very appropriate route to 

obtain structural information on thin films and multilayers. Analysis can be performed 

across the whole spectrum of material types from perfect single crystals to amorphous 

materials. The choice of the x-ray diffraction analysis procedure depends on the quality of 

the structural form and therefore this review has been organized to reflect this. Following 

a description of the various material types, some typically important material parameters 

have been given arising from the application areas. These material parameters relating to 

the structure are then categorized into macroscopic and microscopic properties which can 

then be further subdivided and correlated to the most appropriate analysis method. It is 

clear from this that x-ray analysis covers the whole range and from this the recent 

developments will become clear. It is intended therefore that the reader is not compelled to 

read from beginning to end, but rather be able to find the structural parameter of interest to 

him/her in a simple way and from that discover the various approaches to its determination. 

Much of the technology available today arises from the specific physical properties of 
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materials, for example magnets, semiconductors and abrasive surfaces. Many of these 

materials exist in bulk form but additional physical properties can be accessed by reducing 

the dimensions of the material and also by combining many thin layers to create further 

properties. The physical properties of thin films must relate to their structure and it is the 

structure that can be studied by x-ray diffraction [35]. The diffraction effect in some cases 

is very clear whereas with others it can be very subtle. X-ray diffraction is sensitive to thin 

films of atomic dimensions to thicknesses of many tens of microns, by virtue of the x-ray 

wavelengths employed and the very high diffractionspace resolutions attainable. X-ray 

methods are generally non-destructive, in that sample preparation is not required, and they 

can provide a very appropriate route to obtain structural information on thin films and 

multilayers. The X-ray diffraction (XRD) provides substantial information on the crystal 

structure. 

 

2.4.4.1 X-ray Diffraction (XRD)   
X-radiation (X-rays) is a form of electromagnetic radiation. X-rays have a wavelength in 

the range of 0.01 to 10 nanometers, corresponding to frequencies in the range 30 petahertz 

to 30 exahertz (3×1016 Hz to 3×1019 Hz) and energies in the range 120 eV to 120 keV. 

They are shorter in wavelength than UV rays and longer than gamma rays. In many 

languages, X-radiation is called Rontgen radiation, after Wilhelm Conrad Rontgen, who is 

usually credited as its discoverer, and who had named it X-radiation to signify an unknown 

type of radiation. XRAY is used as the phonetic pronunciation for the letter X. X-rays from 

about 0.12 to 12 keV (10 to 0.10 nm wavelength) are classified as "soft" X-rays, and from 

about 12 to 120 keV (0.10 to 0.01 nm wavelength) as "hard" X-rays, due to their 

penetrating abilities. Hard X-rays can penetrate solid objects, and their most common use 

is to take images of the inside of objects in diagnostic radiography and crystallography. As 

a result, the term X-ray is metonymically used to refer to a radiographic image produced 

using this method, in addition to the method itself. By contrast, soft X-rays hardly penetrate 

matter at all; the attenuation length of 600 eV (~2 nm) X-rays in water is less than 1 

micrometer. Schematic diagram of Bragg Spectrometer is shown in Fig. 2.14.  
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Fig. 2.14 Schematic diagram of a Bragg Spectrometer   

When x-rays are scattered from a crystal lattice, peaks of scattered intensity are observed 

which correspond to the following conditions:  

 1. The angle of incidence = angle of scattering.  

2. The pathlength difference is equal to an integer number of wavelengths.  

3. When X-rays are incident on a crystal surface, they are reflected from it.  

The reflection obeys the following Bragg’s law 

nλ sinθ 2d  ,              ……………….          (2.3) 

Where, d is the distance between crystal planes;   is the X-ray incident angle;   is the 

wavelength of the X-ray and n is a positive integer. Bragg’s law (Fig. 2.15) also suggests 

that the diffraction is only possible when d2 . A diffraction pattern is obtained by 

measuring the intensity of scattered waves as a function of scattering angle.  

 

Fig. 2.15 Bragg condition 

http://hyperphysics.phy-astr.gsu.edu/hbase/ems3.html#c4
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Crystallite size (D) of the prepared thin film can be by Debye-Scherrer formula given by 

equation, 

                          D= Kλ/(βcosθ) ……………….          (2.4) 

 where, λ is the wavelength of the X-ray radiation (λ =0.15406 nm) for CuKα; K is usually 

taken as 0.89; and β is the line width at half-maximum height.  

The lattice constants (a, b, and c) for of crystal (thin films) can be determined by the 

equation, 

   for monoclinic, 1/d2 = 1/sin2 β(1/h2a2 + k2sin2β/b2 + l2c2 - 2hlcosβ/ac)  …………   (2.5) 

    and for tetragonal,     1/d2 = (h2 + k2)/ a2 + l2/ c2 ……………….        (2.6) 

 

2.4.5 Optical Analysis of Thin Films  
The optical behaviors of a semiconductor are investigated in term of the three phenomena 

namely transmission, reflection and absorption. When a semiconductor is illuminated by 

light, photon strikes the surface, a fraction of photons are reflected, some of these are 

absorbed within the semiconductor and the remainder transmitted into the semiconductor 

and some may be reflected. Here to calculate optical band gap of thin films and then other 

optical parameters from observation of transmission and absorption property of prepared 

samples by Ultraviolet-visible spectroscopy meter.  

 

2.4.5.1 Ultraviolet–visible Spectroscopy  

Schematic diagram of Ultraviolet-visible spectrophotometer is shown in Fig.2.16.  

Ultraviolet-visible spectrophotometer (UV-Vis or UV/Vis) refers to absorption 

spectroscopy or reflectance spectroscopy in the ultraviolet-visible spectral region. This 

means it uses light in the visible and adjacent (near-UV and near-infrared (NIR)) ranges. 

The absorption or reflectance in the visible range directly affects the perceived color of the 

chemicals involved. In this region of the electromagnetic spectrum, molecules undergo 

electronic transitions. This technique is complementary to fluorescence spectroscopy, in 

that fluorescence deals with transitions from the excited state to the ground state, while 

absorption measures transitions from the ground state to the excited state.   
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Fig. 2.16 Schematic diagram of Ultraviolet-visible spectrophotometer 

 

2.4.5.2 Absorption 

In physics, absorption of electromagnetic radiation is the way by which the energy of a 

photon is taken up by matter, typically the electrons of an atom. Thus, the electromagnetic 

energy is transformed to other forms of energy, for example, to heat. The absorption of 

light during wave propagation is often called attenuation. Usually, the absorption of waves 

does not depend on their intensity (linear absorption), although in certain conditions 

(usually, in optics), the medium changes its transparency dependently on the intensity of 

waves going through, and the saturable (or nonlinear absorption) occurs [36]. 

 

2.4.5.3 Absorption Coefficient  

When a semiconductor is illuminated by light, photon strikes the surface, a fraction of 

photons are reflected, some of these are absorbed within the semiconductor and the 

remainder transmitted into the semiconductor. The absorption of radiation by any medium 

occurs through the excitation of electrons and photons. 

For semiconductor, it is convenient to consider several types of absorption arising from 

i) Electronic transitions between different energy bands.  

ii) Electronic transitions within energy band. 

iii)  Electronic transitions to localized states of impurity atoms. 
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iv) Lattice vibrations. 

v) Vibrations of impurity atoms. 

In the fundamental absorption region the transmission T is given by 

                                      











ktAT 4exp         ……………….  (2.7) 

Where A is a constant, k is the extinction co-efficient and t is the thickness. For k2<< n2, 

the principle variation of T occurs in the exponential term and pre-exponential term A. 

Therefore,                       T~ exp (- t)……………….  (2.8) 

Where 





k4
  is the absorption co-efficient of the films. Thus the value of absorption 

co-efficient may be calculated from the relation 

                                   
t
Tln

                       ……………….       (2.9) 

Otherwise from equation (2.4). Plotting Eqn. (2.4) as ln(1/T)) vs t curve at a fixed 

wavelength, a straight line will be obtained. The slope of the straight line will give  and 

intercept will give A.  
 

2.4.5.4 Extinction Coefficient   

The absorption coefficient, α is a quantity that characterizes how easily a material or  a 

medium can be penetrated by a beam of light. The absorption coefficient, α can be 

calculated from observed absorbance data using Beer Lambert’s formula 









d
A303.2 , 

where A is the optical absorbance and d is the thickness of the film. The extinction 

coefficient is the imaginary part of the complex index of refraction, which also relates to 

light absorption [37].  The extinction coefficient can be obtained from the relation, 





4
k .where λ is the wavelength.  

Since the extinction coefficient describes the attenuation of light in a medium and increase 

of k with the increase of hν indicates the probability of raising the electron transfers across 

the mobility gap with photon energy. Therefore the higher values of k are the representation 

of greater attenuation of light in a thin film and also the higher probability of raising the 

electron transfer across the mobility gap with the photon energy.  
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2.4.5.5 Band Gap 
 
In solid state physics, a band gap, also called an energy gap or band gap, is an energy range 

in a solid where no electron states exist. For insulators and semiconductors, the band gap 

generally refers to the energy difference (in electron volts) between the top of the valence 

band and the bottom of the conduction band. It is the amount of energy required to free an 

outer shell electron from its orbit about the nucleus to become a mobile charge carrier, able 

to move freely within the solid material. In semiconductor physics, the band gap of a 

semiconductor is always one of two types, a direct band gap or an indirect band gap. The 

minimal-energy state in the conduction band, and the maximal-energy state in the valence 

band, are each characterized by a certain k-vector in the Brillouin zone. If the k-vectors are 

the same, it is called a "direct gap". If they are different, it is called an "indirect gap". 

Interactions among electrons, holes, phonons, photons, and other particles are required to 

satisfy conservation of energy and crystal momentum (i.e., conservation of total k-vector). 

A photon with energy near a semiconductor band gap has almost zero momentum. An 

important process is called radiative recombination, where an electron in the conduction 

band annihilates a hole in the valence band, releasing the excess energy as a photon. If the 

electron is near the bottom of the conduction band and the hole is near the top of the valence 

band (as is usually the case), this process is possible in a direct band gap semiconductor, 

but impossible in an indirect band gap one, because conservation of crystal momentum 

would be violated. For radiative recombination to occur in an indirect band gap material, 

the process must also involve the absorption or emission of a phonon, where the phonon 

momentum equals the difference between the electron and hole momentum. (It can also, 

instead, involve a crystallographic defect, which performs essentially the same role.) The 

involvement of the phonon makes this process much less likely to occur in a given span of 

time, which is why radiative recombination is far slower in indirect band gap materials 

than direct band gap ones [38]. This is why light-emitting and laser diodes are almost 

always made of direct band gap materials, and not indirect band gap ones like silicon. The 

fact that radiative recombination is slow in indirect band gap materials also means that, 

under most circumstances, radiative recombinations will be a small proportion of total 

recombinations, with most recombinations being non-radiative, taking place at point 

defects or at grain boundaries. However, if the excited electrons are prevented from 
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reaching these recombination places, they have no choice but to eventually fall back into 

the valence band by radiative recombination. This can be done by creating a dislocation 

loop in the material. At the edge of the loop, the planes above and beneath the "dislocation 

disk" are pulled apart, creating a negative pressure, which raises the energy of the 

conduction band substantially, with the result that the electrons cannot pass this edge. 

Provided that the area directly above the dislocation loop is defect-free (no non-radiative 

recombination possible), the electrons will fall back into the valence shell by radiative 

recombination and thus emitting light. This is the principle on which "DELEDs" 

(Dislocation Engineered LEDs) are based. 

 

2.4.5.5.1 Direct and Indirect Optical Band Gap   
The band gap generally refers to the energy difference between the top of the valence band 

and the bottom of the conduction band. Fundamental absorption refers to the annihilation 

or absorption of photons by the excitation of an electron from the valence band up into the 

conduction band, leaving a hole in the valence band. Both energy and momentum must be 

conserved in such a transition. 

In the case of an indirect-band gap semiconductor, the minimum energy in the conduction 

band and the maximum energy in the valence band occur at different values of crystal 

momentum. Photon energies much larger than the forbidden gap are required to give direct 

transitions of electrons from the valence to the conduction band. However, transitions can 

occur at lower energies by a two-step process Involving not only photons and electrons but 

also a third particle, a phonon.  

To estimate the nature of absorption a random phase model is used where the k momentum 

selection rate is completely relaxed. The integrated density of states N(E) has been used 

and defined by  

 

                                                                               ..............................    (2.10) 

 The density of states per unit energy interval may be represented by  

                                         

                                                                                 ...........................     (2.11) 
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where V is the volume, E is the energy at which g(E) is to be evaluated and En is the energy 

of the nth state. 

If gv  Ep and gc  (E-Eopt), where energies are measured from the valance band mobility 

edge in the conduction band (mobility gap), and substituting these values into an expression 

for the random phase approximation, the relationship obtained  

ν2 I2 (ν)  (h ν-E0)p+q+1, where I2 (ν) is the imaginary part of the complex permittivity. If 

the density of states of both band edges is parabolic, then the photon energy dependence 

of the absorption becomes  

                                           αhν  ν2I2 (ν)  (h ν-Eopt)2    ....................    (2.12) 

So for higher photon energies the simplified general equation which is known as Tauc 

relation is,  

                                        αhν = B(hν – Eopt)n         ..............................   (2.13)               

where hν is the energy of absorbed light, n is the parameter connected with distribution of 

the density of states and B, a constant or Tauc parameter and here n = 1/2 for direct and n 

= 2 for indirect transitions [39]. 

The above equation can be written as  

                                                                                        ......................   (2.14) 

 

When finding the n, type of transition can be obtained from the absorption spectrum.  

A discontinuity in the d[ln(αhν)]/d(hν) versus hν plot at the band gap energy (Eopt or Eg), 

i.e. at hν = Eg can be observed. The discontinuity at a particular energy value gives the 

band gap Eg. Thus from the straight-line plots of (αhν)2 versus hν and (αhν)1/2 versus hν the 

direct and indirect energy gaps of  thin films can be determined.  

If the maximum of the valence band and the minimum of the conduction band energy exist 

for the same value of crystal momentum p in a semiconductor, then this type of 

semiconductor is called direct band gap semiconductor. The form of the absorption process 

for a direct band gap semiconductor is shown in the energy momentum sketch of (Fig. 

2.17) Since the momentum of photons is small compared to the crystal momentum, the 

latter essentially is conserved in the transition. The energy difference between the initial 

and final state is equal to the energy of the original photon, i.e, 

                                          Ef - Ei = h         ..........…        (2.15) 
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                                Where,   Ef - Ei = h   = Photon energy 

The band gap represents in Fig. 2.17 the minimum energy difference between the top of 

the valence band and the bottom of the conduction band, however, the top of the valence 

band and the bottom of the conduction band are not generally at the same value of the 

electron momentum. In a direct band gap semiconductor, the top of the valence band and 

the bottom of the conduction band occur at the same value of momentum, as in the 

schematic below.  

 

 

 

 
 
 
 

 
 
 
 

Fig. 2.17 Energy-crystal momentum diagram of a direct band gap of smiconductor 
 

In the case of indirect band gap semiconductor, the minimum energy in the valence band 

occurs at different values of crystal momentum (Fig. 2.18) Photon energies much larger 

than the forbidden gap is required to give transition of electrons from the valence band to 

conduction band. As indicated in the energy momentum sketch of Fig. 2.18 an electron can 

make a transition from the maximum energy in the valence band to the minimum energy 

in the conduction band in the presence of photons of suitable energy by the emission or 

absorption of photon. Hence the minimum photon energy required to excite an electron 

from the valence to conduction band is  
 

         h =Eg - Ep      ......……        (2.16) 

Where ,Ep is the energy of an absorbed photon with the required momentum. 

An analysis of the theoretical value of the absorption co-efficient for the transition 

involving photon absorption gives the result in an indirect band gap semiconductor, the 
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maximum energy of the valence band occurs at a different value of momentum to the 

minimum in the conduction band energy:  

 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 

Fig. 2.18 Energy-crystal momentum diagram of an indirect band gap of Semiconductor 
 

Figure shows energy vs. crystal momentum for a semiconductor with an indirect band gap, 

showing that an electron cannot shift from the lowest-energy state in the conduction band 

to the highest-energy state in the valence band without a change in momentum.  

 
2.4.5.7 Refractive Index  
 
The refractive index (n) of the films has been calculated from the transmission spectra 

using the relation as equation (2.17) and considered highest transmission (Tmax) at 

wavelength 740 nm and lowest transmission (Tmin) at wavelength 380 nm [39-40].   
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where,                                                















minmax

minmax
0 TT

TT
T , 

na = Refractive index of air, and ng = Refractive index of glass. 
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2.4.6 Electrical Analysis of Thin Film 
 Electrical parameters like resistivity (ρ), conductivity (σ), sheet resistance (Rs), activation 

energy (Ea) etc. of thin film recognize electrical property of the prepared sample.  The 

property of a material to resist the flow of electrical current is called the resistance and the 

resistance per unit length of cross-section is called resistivity. It is denoted by ρ and 

mathematically defined as                

                                         .......................................             (2.18) 

Where, A is the cross-sectional area, R is the resistance and L is the length of the material 

along the direction of current flow. Resistivity is an intrinsic property of a material and 

depends only on the crystal structure of the material. Electrical conductivity of a material 

is reciprocal of resistivity of the material. Conductivity is denoted by σ and defined as    

                                         ........................................            (2.19) 

Conductivity depends only on the structural and physical property of the material. 
 

 2.4.6.1 Resistivity Measurement Techniques 

A number of methods are used to measure the resistivity of a material. Only two of them 

are discussed below. 

 

2.4.6.1.1 Direct Method 

The resistivity of a thin film can be measured easily by using direct method. The 

experimental arrangement is shown in Fig.2.19. If the current I is flowing along L and 

voltage drop across L is V, then R=V/I and then by using the following equation, one can 

easily determine the resistivity if the thickness of the film t is known 

                                           ...............................................     (2.20) 

If W = L  i.e. film having square shape, then resistivity equation becomes 

                                ρ = Rt              ...............................................     (2.21) 

and corresponding conductivity is defined as 

                                σ =1/ρ              ..............................................      (2.22) 
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Thus one can easily determine the resistivity as well conductivity by measuring Rs and film 

thickness (t).    

                      
Fig.2.19 Circuit arrangements for resistivity measurement 

2.4.6.1.2 van der Pauw’s Method 

Electrical resistivity of metal and semiconductor film of any shape may be measured by 

using van der Pauw’s method [41]. This method is shown in Fig. 2.20. The resistivity of 

film having any arbitrary shape can be uniquely determined by using this method. To 

explain this  method, let us consider the Fig.2.20, if A, B, C, and D are any four sufficiently 

small, Ohmic contacts arranged successively on the circumference of a film of any arbitrary 

shape.      

                                                                                                                                       

 
Fig.2.20 Schematic diagram of van der Pauw’s method 
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If a current IAB entering into the film through the contact A and leaving it from the contact 

B and produces a potential difference VDC  between points D and C then 

                                                 ……………….                       (2.23) 

                Similarly, we can write 

                                                 ……………….                       (2.24) 

                                                 ………………                        (2.25) 

                                                 ……………….                       (2.26) 

Using reciprocal theorem van der Pauw (1958) showed that 

                  
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,   (Ω-cm)        ………  (2.27)            

The correction factor f has been calculated by van der pauw and is equal to unity when 

and then equation (2.27) becomes 

                     (Ω-cm)        ……………….        (2.28) 

  where, t is the film thickness in cm. and corresponding conductivity is defined as 

                1)(1  cm


                        ……………….                         (2.29) 

 

2.4.6.2 Factors Affecting Resistivity Measurement 

The effects of the following factors are remarkable in the measurement of resistivity: 

         a) Length to breadth ratio, L/b of the film 

         b) Current electrodes 

         c) Current density  

         d) Microscopic inhomogenity of the film 

         e) Sensitivity of the measuring devices 

         f) Electrical contact resistivity  
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2.4.6.3 Sheet Resistance   

The resistance of a thin film directly proportional to the  and inversely proportional to the 

t and we can write for a rectangular film of length L and width W.  

                            R(
t
 ) (

W
L ) = Rs  (

W
L )            ……………….           (2.30) 

           where, RS is known as the sheet resistance and expressed in ohms per square. 

                            Rs=
t
  ohm per square                  ……………….         (2.31)         

   The   ratio (L/W) is called the number of squares.  

 The number of “squares” is a pure number have no dimensions. It is very useful quantity 

that is widely used for comparing films, particularly those of the same material deposited 

under similar conditions. 

 

2.4.6.4 Activation Energy 
Activation energy (Ea) is a term introduced in 1889 by the Swedish scientist Svante 

Arrhenius to describe the minimum energy which must be available to a chemical system 

with potential reactants to result in a chemical reaction. Activation energy may also be 

defined as the minimum energy required starting a chemical reaction. The activation energy 

of a reaction is usually denoted by Ea. The energy required to transfer charge from one 

initially neutral island to another is known as activation energy and denoted by Ea. This is 

equivalent to the electrostatic binding energy of the charge to the island. When these charge 

carriers are excited to at least this energy from the Fermi-level, there will be tunneling from 

one island to another. These islands or small particles are called crystallites. The activation 

energy is related with film conductivity and given by the relation  

                            σ =σ0 exp 









kT
Ea

2
                    ……………….                        (2.32) 

where σ0 is the conductivity at 0 0C and k is the Boltzmann constant and T is the absolute 

temperature. Equation (2.32) can be written as 

                           ln σ 
kT
Ea

2
ln σ0                     ……………….                       (2.33) 
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Equation (2.33) is equivalent to a straight line equation, y = mx+c. So that E  can be 

determined from the slope of the straight line ln σ 
kT
Ea

2
ln σ0.  From the graph of lnσ 

vs.1/T, E  can be calculated by using the relation 

                   




















T

Ea 1
ln ×2k (eV)                ……………….                (2.34) 

 

2.4.6.5 Figure of Merit  
Figure of merit is a quantity used to characterize the performance of a device, system or 

method, relative to its alternatives. In engineering, figures of merit are used as a marketing 

tool to convince consumers to choose a particular brand. 

1. Aeronautics, a measure of the efficiency of a helicopter in hover.   

2. Electrical engineering, a measure of the efficiency of a component, such as a circuit. 

A numerical quantity based on one or more characteristics of a system or device that 

represents a measure of efficiency or effectiveness. 

The Figure of merit is well-known as an index for evaluating the performance of 

transparent conducting film. The increase in the Figure of merit of the thin films is mainly 

due to the increase in the optical transmittance. The Figure of merit is related with film 

conductivity and transmittance corresponding wavelength [42] and given by the relation  
                                   

                  F = (-ρlnT)-1           ……………….                          (2.35) 
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CHAPTER-III 
 

EXPERIMENTAL DETAILS 
 

3.1 Thin Film Deposition 
 

3.1.1 Introduction 
This chapter deals mainly with the description of the apparatus and the preparation of the 

thin films. Thin films can be prepared from a variety of materials such as metals, 

semiconductors, insulators or dielectrics etc., and for this purpose various preparation 

techniques has also been developed. SPT is the most commonly used technique adopted 

for the deposition of metals, alloys and many compounds. Hydrolysis and pyrolysis are the 

main chemical reactions involved in the process. In this technique, the chemicals vaporized 

and react on the substrate surface after reaching on it. SPT is particularly attractive because 

of its simplicity. It is fast, inexpensive, vacuum less and is suitable for thin film production. 

The SPT is used basically a chemical deposition method in which fine droplets of the 

desired material are sprayed onto a heated substrate. A continuous film is formed on the 

hot substrate by thermal decomposition of the material droplets. The system is equipped 

with an electric heater and thermo couple. An air compressor pipe is attached within and 

an exhaust fan is fitted in order to remove the gas which is produced during the film 

deposition. Various steps of the preparation of CuO, TiO2 and Cu/ TiO2 thin films on glass 

substrate by SPT and characterization is discussed below.  

 
3.1.2 The Design of the Spray Pyrolysis Deposition System  
The general simplified system for SPT is shown in Fig. 3.1, where three processing steps 

can be viewed and analyzed. The three processing steps for spray pyrolysis deposition are  

1. Atomization of the precursor solution.  

2. Aerosol transport of the droplet.  

3. Droplet evaporation, spreading on the substrate, and drying and decomposition of 

the precursor salt to initiate film growth.  

The Schematic diagram of SPT System in Spray Pyrolysis Laboratory, BUET, Dhaka is 

shown in Fig. 3.2. 
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Fig. 3.1 Spray pyrolysis deposition system in Spray Pyrolysis Laboratory, BUET 
 

 
Fig. 3.2 Schematic diagram of SPT System in Spray Pyrolysis Laboratory, BUET 
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3.1.3 Thin Film Deposition Parameters 
In the chemical spray deposition technique the structure, composition and other 

characteristics of the deposited films depend on a number of process variables [deposition 

parameters]. The variable quantities such the substrate temperature, solution and gas flow 

rate, deposition time, quality of the substrate material, size of atomized particles, solution 

concentration, and substrate to spray outlet distance, etc. are affected on the film properties. 

It is obvious that the substrate temperature is the most important deposition parameter and 

it is controlled with great care. 

For the deposition of thin film, all the above mentioned parameters except 

(i) Substrate temperature (Ts) 

(ii) Deposition time (td) 

(iii) Solution concentration (C)  

(iv) Spray rate (Sr) 

(v) Spray outlet to substrate distance (ds) and 

(vi) Carrier air pressure (Pa),  

were kept at their optimum values. To study the effect of any one of these six parameters 

on the film properties the remaining other were kept constant. Air current disturbances 

become another parameter, which creates problem to get uniformity of thickness and 

homogeneity of the film.   

 

3.1.4 Experimental Equipment 
 
3.1.4.1 Substrate and Substrate Cleaning 

For thin film deposition, several types of substrates are used. Generally, glass, quartz, 

plastic and ceramic substrates are used for polycrystalline films. However, in the present 

work, thin films were deposited on glass substrates. The most commonly microscope glass 

slides having 5 cm long, 2 cm wide and 0.1 cm thickness were used. These were fine 

smooth high quality microscope glass slides. 

The cleaning of substrate has a major influence on the properties of the thin film deposited 

onto them. Surface contaminations manifest it in pinholes, which can cause open resistor 

or localized high resistance. The following procedures were used for substrate cleaning. 

The gross contamination of each of the substrates were first removed by ethanol and then 
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washed with distilled water. After washing in distilled water, the substrates were dipped at 

first into nitric acid for some time. Again washed in distilled water and thoroughly rinsed 

with deionized water for several times. Finally, these were dried in hot air and preserved 

for use. During the whole process the substrates were always held by slide holding forceps.  

 

3.1.4.2 Preparation of Masks 

The mask (Fig. 3.3) was prepared in such a way that the edge of the mask is smooth so that 

it is helpful for determining the film thickness accurately. The direct deposition of thin film 

pattern requires a suitably shaped aperture, commonly referred to as a mask. For the 

purpose of various experimental studies, film of specific size and shape are required. Mask 

was made from stainless steel plate with the desired pattern cut into it. The aperture was 

made in a bath machine.  

 

 

 

 

 

Fig. 3.3 Mask for the sample 

The mask is placed in proximity to the substrate, thereby allowing condensation of the 

evaporate only in the exposed substrate areas. The mask was prepared in such a way that 

the edge of the mask is smooth so that it is helpful for determining the film thickness 

accurately. Regardless of mask material and fabrication process all masks should be 

thoroughly cleaned and inspected before use. Surface contaminants, particularly oil, grease 

or other organic materials may become volatile when the mask is heated and then be 

absorbed by the substrate and this may be a cause of weak film adhesion. The mask is 

placed in proximity to the substrate, thereby allowing condensation of evaporate only in 

the exposed substrate areas.  
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3.1.4.3 Spray Nozzle 

The single spray nozzle (0.10 mm diameters) consists of capillary tubes (stainless steels) 

fitted perpendicular to the other tube as shown in Fig. 3.2. When compressed air is passed 

rapidly through the upper tube in direction tangential to the mouth of the lower tube, a 

partial vacuum is created at the front part of the tube whose other end is kept immersed in 

the spray liquid. Due to this partial vacuum the liquid rises up through the tube and the 

compressed air drives it away in the form of fine spray particles. The thinner spray nozzle 

would give the finer spray particles. A very fine needle shaped capillary tube was used for 

the spray nozzle and it may vary from nozzle to nozzle. 

3.1.4.4 Heater 

The heater is an ordinary hot plate 5k-watt nichrome wire heater connected with voltage 

variac which is put in spherical shape holder. An electronic power supply (voltage 

variance) unit is connected with the heater power line to supply proper heat to the substrate. 

A thick stainless steel plate is placed on heater. Substrate with mica sheet is placed on this 

suspected plate.            

3.1.4.5 Air Compressor 

It is reservoir type electrical air compressor. A rotary pump in this section mode draws 

atmospheric air and keeps it reserved in a large capacity air tank. At the outlet of the tank 

a pressure gauge is attached which records the pressure of the air at the time of supplying 

it from the tank. There is a bypass control valve which can keep the output pressure 

constant. 

3.1.4.6 The Fume Chamber 

It is a large type chamber with a slanting top and is provided with a chimney. There is an 

exhaust fan fitted at the mouth of the chimney to remove the unused gases from the 

chamber. The slanting top and the sidewalls are made of glass and wood. There air tight 

doors in the front side. The chamber has purging facilities. The whole spray system and 

the reactor are kept inside this fume chamber at the time of film deposition because of the 

safety grounds and to check air current disturbances at the deposition site. These two points 

just stated are very important for the spray process when deposition is carried out in open-

air atmosphere.  
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3.1.5 Optimization of the Deposition Process 
 
To obtain the optimum condition of the film deposition process, it is essential to select at 

first the requirements with respect to which the process should be optimizes. The basic 

requirement was to get a film of high transparency as well as high transparency and 

electrical conductivity. Since the spray system used in the present experiment operates via 

a partial vacuum path as the mouth of the spray nozzle, the concentration of the solution 

prepared by the solvent was made in such away that it could be at least be drawn by the 

nozzle.  

For the process of optimization following set of films have been deposited: 

(i) The first set of films was deposited at various substrate temperatures, keeping all other 

deposition parameters constant at an arbitrary level. From the set of films the optimum 

substrate Ts was selected with respect to the best conducting and transparent film. 

(ii) After obtaining the optimum value of Ts, second set of films were deposited by varying 

the substrate to spray outlet distance, ds using the optimized Ts and other parameters were 

kept constant to the arbitrary level as they were in the first set. From this second set of films 

the optimum distance ds was selected corresponding to the best film.   

(iii) Fixing ds and Ts, the carrier gas (air) Pa a third set of films were deposited by varying 

the molar concentration (MC) of solution. From this set, optimum molar concentration was 

selected. 

(iv) Keeping Ts, ds , Pa and MC  as  fixed fourth set of films (pure films) were deposited by 

taking constant spray rate, Sr for 5 or 6 minutes deposition.  

(v) The fifth set of films ( Cu doped) were deposited keeping Ts, ds, Pa Sr, MC , deposition 

time fixed  at their optimum values. In this case, the concentration of Cu was varied for Cu 

doped TiO2 thin films.  

Thus in all cases the optimum values of the parameters (Ts, ds, Pa, and Sr) were selected for 

deposition of films that exhibit good conductivity and high transparency. The flow rate of 

the solution during spraying is to be adjusted to be about 1 ml/min and kept constant 

throughout the experiment. The distance between the spray nozzle and the substrate is to 

be maintained about 25 cm, air pressure is 1 bar, different Ts (250-450 oC) to be measured 

by Copper-Constantan thermocouple and MC (0.05-0.15M) of solution and wt% of Cu 

doped varying from 1 to 10.  
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3.1.6 Preparation of Thin Films 
A considerable amount of (about 50 ml) solution taken in the container fitted with the spray 

nozzle. The clean substrate with a suitable mask was put on the susceptor of the heater. 

Before supplying the compressed air Ts was to be kept at a level slightly higher than the 

required substrate temperature because at the onset of spraying a slight fall of temperature 

is likely. Ts were controlled by controlling the heater power using a variance. Ts was 

measured by placing a copper constantan thermocouple on the substrate. Deposition rate 

and time was kept constant for every film such that the thickness of the film may same. 

When compressed air is passed through at constant pressure (1 bar), a fine thin film was 

produced and was automatically carried to the reactor zone where film was deposited on 

the heated substrate. We have adjusted a situation such that 5 to 6 minutes of spray 

produces thin film, thickness of the range 180 nm to 220 nm.  The rate of flow of the 

working solution can be controlled by a suitable nozzle and adjusting the airflow rate. 

CuO thin films have been synthesized by SPT at Ts of  350 °C using (0.05-0.15) mole of 

cupric acetate (Cu(CH3COO)2.H2O)) which was dissolved in de-ionized 90 ml water and 

10 ml ethanol. To enhance the solubility of prepared solution, a few drops of HCl were 

added. Again another set of CuO thin films have been synthesized for MC of 0.10 M at at 

five different Ts, namely 250, 300, 350, 400 and 450 °C. The Ts was recorded using a 

Cromel-alumal thermocouple. The solution was sprayed onto the ultrasonically cleaned 

glass substrates heated.  Similar step was used for TiO2 thin films using titanium chloride 

(TiCl4) as a precursor. The Fig. 3.4 shows the preparation steps of the CuO thin films. The 

possible chemical reaction that takes place on the heated substrate to produce thin film of 

CuO and TiO2 when the droplets of Cu(CH3COO)2.H2O) water solution and TiCl4 solution 

respectively reached the heated substrate, chemical reaction takes place under stimulated 

temperature as shown below . 

 

 OHCOOCHCHCuOOHOHCHCHOHCOOCHCu Heat
233223223 22.)(  

 
                                     2224 2ClTiOOTiCl Heat  
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Magnetic Stirring  (2 hr) 
 

Magnetic stirring (2 hr) 

 

 
 
                         
 
                                                                                                      Solution 

 
                                                           
                                                                             
                                                                           Spray solution (5 min) 

 
                                                                             
 
 
 

 
Fig. 3.4 Flow diagram for CuO thin films prepared by SPT  

 

(1-10) wt % of Cu(CH3COO)2.H2O was  added with (99-90 wt%) of TiCl4 for solution for 

Cu/TiO thin films deposited onto glass substrate for 0.10 M at Ts of 400 oC. Solution was 

stirred by magnetic stirrer for enhance the solubility of prepared solution. For each 

concentration the reproducibility of the films were verified by repeating the experiments 

several times. Diagram of Cu/TiO2 thin film preparation steps is shown in Fig. 3.5. 

              TiCl4                                        

    +                                                      Ti1-x CuxO    +  2Cl2    + 2CH4     + CO2 

Cu(CH3COO)2.H2O   

 

 

 
 
                                                                               Solution 
                                                                                                        

 
                                                           
                                                                                                    Spray Solution 

 
                                                                             
 
 
 

 
 

Fig. 3.5 Flow diagram for Cu/TiO2 thin films prepared by SPT 

Cu(CH3COO)2.H2O + H2O + HCl + CH3CH2OH 

Passing through a Nozzle 

Heated Glass Substrate 

CuO thin film on to Glass Substrate 

TiCl4 + Cu(CH3COO)2.H2O + HCl + CH3CH2OH 

Passing through a Nozzle 

Heated Glass Substrate 

Cu/TiO2 Thin Film on to Glass 
Substrate 

    Decomposes to 
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3.2 Summary of Spray Deposition Parameters of CuO, TiO2, and 
Cu/TiO2 Thin Films  
 

Table 3.1 Summary of Spray Deposition Parameters of CuO, TiO2, and Cu/TiO2 Thin 
Films 

 
          Sample 

Parameters 
CuO 

Thin film 
TiO2 

Thin film 
Cu/TiO2 

Thin film 
Starting chemicals Cu(CH3COO)2.H2O 

+ H2O + 
CH3CH2OH + HCl 

TiCl4 + H2O + 
CH3CH2OH + HCl 

 
 

TiCl4 + 
Cu(CH3COO)2.H2O 

+ H2O + 
CH3CH2OH + HCl 

Volume of sprayed 
(ml) 

5 5 5 

Sprayed time (min) 5 5 5 
Carrier gas  

pressure (bar) 
1 1 1 

Nozzle to substrate 
distance (cm) 

25 25 25 

MC (M) 0.05, 0.075, 0.10, 
0.125, 0.15 

0.05, 0.075, 0.10, 
0.125, 0.15 

0.10 

Ts (oC) 250, 300, 350, 400, 
450 

250, 300, 350, 400, 
450 

400 

Cu doping (wt%) - - 1-10 
 
 
3.3 Measurement Details 
 
3.3.1 Thickness Measurement of the Thin Films  
Film thickness plays an important role on the properties of thin film and those it is one of 

the most significant film parameter and thickness measurement is a most essential job. 

Therefore, the thickness should be measured with great care as far as possible to have an 

accurate value. In the present work, the film thickness is measured after taking out the film 

from the chamber. There are several methods for the measurement of film thickness and in 

the present work optical interference fringe method (Fizeu fringes method) was used which 

is shown as Fig. 3.6. For film thickness measurement separate glass slide has been used in 

addition to the sample substrates. The step generated on the surface of the glass slide was 

used to measure the film thickness. 
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Fig. 3.6 Photograph of a multiple beam interferometer 

 

3.3.2 Surface Morphology and Elemental Analysis of the Thin Films 
 

The scanning electron microscope (SEM) (Fig. 3.7) is a type of electron microscope that 

creates various images (surface morphology) by focusing a high energy beam of electrons 

onto the surface of a sample and detecting signals from the interaction of the incident 

electron with the sample's surface. SEM measurement was performed at the Department of 

Glass and Ceramics, BUET, Dhaka S-3400N HITACHI, JAPAN, apparatus is used to carry 

out  the SEM measurement. This apparatus operates in the range of 300 V to 30 KV. It has 

5 to 300 thousand times magnification capacity. This apparatus has two imaging system, 

secondary electron imaging (SE imaging) and back scattered imaging (BS imaging). 

EDAX describes the compositional analysis of the thin films. This is done by the scanning 

electron microscopy (SEM) by focusing the X-ray beam on the full frame or a particular 

spot of the thin films. The analysis represents the individual weight (%) of the element that 

is present in the thin films.   All the SEM images were recorded with a magnification of 

×5000. 
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Fig. 3.7 Photograph of a scanning electron microscopy (SEM) 

 
3.3.3 Structural Analysis of the Thin Films 
 
Attempts were made to study the structure of the films by XRD. XRD provides substantial 

information on the crystal structure. XRD is one of the oldest and effective tools for the 

determination of the atomic arrangement in a crystal; X-rays are the electromagnetic waves 

and its wavelength  0.1nm. The wavelength of an X-ray is thus of the same order of 

magnitude as the lattice constant of crystals. When X-rays are incident on a crystal surface, 

they are reflected from it. The reflection obeys the following Bragg’s law 

nλ sinθ 2d  ,where d is the distance between crystal planes;   is the X-ray incident angle; 

  is the wavelength of the X-ray and n is a positive integer. Bragg’s law also suggests that 

the diffraction is only possible when d2 . X-ray diffractometer system PW3040 X’Pert 

PRO X-ray Philips Company was used at Magnetic Material Division (MMD) of Atomic 

Energy Center, Dhaka (AECD) (Fig 3.8). The monochromatic (using Ni filter) CuKα 

radiation was used and the accelerating potential was 40 KV constituting a current of 30 

mA. The scanning speed was 2θ degree and the measurement was done in the range 20o to 

60o, respectively to obtain the X-ray diffraction pattern of the thin films. All the data of 

the samples were analyzed by using computer software “X’PERT HIGHSCORE” 

from which structural parameters was determined.  
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Fig. 3.8 Photograph of an X-ray diffractometer 

 
3.3.4 Measurement of the Optical Properties of the Thin Films 
The optical behaviors of a semiconductor are investigated in term of the three phenomena 

namely transmission, reflection and absorption. When a semiconductor is illuminated by 

light, photon strikes the surface, a fraction of photons are reflected, some of these are 

absorbed within the semiconductor and the remainder transmitted into the semiconductor 

and some may be reflected. For optical property studies of thin films were measured 

transmittance and absorbance by using a double beam UV spectrophotometer. 

Measurements were made by placing the sample in the incident beam and another empty 

glass substrate in the reference beam of the instrument. The optical transmission and 

reflection spectra of the film with respect to glass substrate were than taken for wavelength 

range 290 to 1100 nm using UV-1601 PC SHIMADZU VISIBLE SPECTROMETER (Fig 

3.9). The spectral transmittance and absorbance of SnO2 films was considerer in two 

wavelength regions, namely, visible and infrared regions. The optical spectra of 

transmittance, T (%) and absorbance, A (%) have been measured with respect to plain glass 

substrate were taken using the spectrophotometer.  
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Fig. 3.9 Photograph of a UV-1601 PC SHIMADZU VISIBLE spectrometer 
 
3.3.5 Measurement of the Electrical Properties of the Thin Films 
Electrical resistivity of thin film may be measured by different methods. In the present 

work, the resistivity of thin films was measured by using van der Pauw’s technique shown 

in Fig.3.10.The van der Pauw method is one of the standard and widely used techniques 

for the measurement of resistivity of thin film. The van der Pauw method is a technique for 

doing 4-probe resistivity and Hall effect measurements. The advantages of this method 

include low cost and simplicity. The van der Pauw technique can be used on any thin 

sample of material and the four contacts can be placed anywhere on the perimeter/boundary, 

provided certain conditions. 

 
Fig. 3.10 Set up for resistivity measurement by van der Pauw’s method 
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4.1 Introduction  
The objective of this study is to synthesis and characterize CuO, TiO2 and Cu doped TiO2 

thin films by SPT. Thickness of the films is about 200±10 nm. In this chapter the results 

and discussion of the various experimental studies viz. surface morphology structural, 

optical and electrical properties of CuO, TiO2 and Cu doped TiO2 thin films are presented 

and are discussed step by step.  

 

4.2 Results and Discussion on Prepared CuO Thin Films 

 

4.2.1 CuO Thin Films Synthesized from Aqueous Solutions of Different 

MCs at Ts of 350 oC 
CuO thin films were synthesized from solutions of molar concentrations (MCs) of 0.05, 

0.075, 0.10, 0.125 and 0.15 M at Ts of 350 oC by SPT. Surface morphology, structural, 

optical and electrical properties of the synthesized samples are presented and discussed in 

the following sections.   

 
4.2.1.1 Surface Morphology and Elemental Analyses 
The surface morphology of CuO thin films observed by SEM is shown in Fig. 4.1. It is 

seen that the surface of the thin film with 0.10 M is comparatively well aggregated and less 

rough. This could be the result of the chemical reaction of the sprayed solution on the hot 

substrate during the deposition. SEM micrographs reveal the formation of particles with 

different shapes and sizes. It seems appropriate to consider that the particles which appear 

in the SEM images are, in fact, grain agglomerates. The EDX spectrum of Fig. 4.2 reveals 

the presence of copper (Cu) and oxygen (O) and other elements from the glass substrates 

confirming that the CuO thin films prepared through the chemical oxidation route are free 

from impurities. The atomic ratio between Cu and O was found to be 1:1. Hence, it is 

confirmed that CuO is formed through chemical oxidation route by SPT.   
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Fig. 4.1 SEM images of CuO thin films for MC of (a) 0.05, (b) 0.10 M and (c) 0.15M  

(Ts = 350 oC) 
 

 
 

Fig. 4.2 EDX spectrum for CuO thin film MC of 0.10 M (Ts = 350 oC)  
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4.2.1.2 Structural Analyses   
XRD patterns for CuO thin films synthesized from solution of different MCs are shown in 

Fig. 4.3. XRD analysis shows that the CuO thin films have monoclinic crystal structure 

with some shifts in the position of characteristic peaks. The diffraction peaks observed at 

different 2θ values correspond to the diffraction lines produced by (110), (002), (111), 

(200), (20̅2), and (020) planes of the end-centered monoclinic structured CuO (JCPDS card 

No. 89-5895). Crystallite size (D) of the prepared CuO thin film was determined from the 

strongest peak of (111) for every XRD pattern using Debye-Scherrer formula given by 

equation D= Kλ/(βcosθ) where, λ is the wavelength of the X-ray radiation (λ =0.15406 nm) 

for CuKα; K is usually taken as 0.89; and β is the line width at half-maximum height [1]. 

The (111) surface of CuO is energetically the most stable and the predominant crystal face 

found in the polycrystalline CuO thin films. Although (111) and (200) reflections are 

present, no other planes are present for Cu2O.  The lattice constants of the CuO thin films 

are found to be: a = 4.6623 Å, b = 3.4431 Å and c = 5.1345 Å for solution of 0.10M and 

are in good agreement with the standard JCPDS data for monoclinic structure of CuO. It is 

observed in the XRD patterns that the intensity of the peaks slightly increases as MC 

increases. For peak (111) the calculated values of the D for the CuO thin films are presented 

in Table 4.1. It is seen that D increases with MC of solution up to 0.125 M and then 

decreases, above 0.125 M. Similar results were observed for CuO thin films prepared by 

SPT using copper (II) chlorite precursor solution on the glass substrate at 350 oC [2]. It 

implies that the crystallinity of the CuO thin films is improved at higher MC. For the spray 

solution with low MC of 0.05 M, the net heat absorbed by the droplet, may not sufficient 

enough to vaporize the entire droplet due to fast travel of droplet to the substrate. As a 

result precipitation and sublimation has taken place on the substrate. So, the reaction 

appears to be a homogeneous one and the film has low crystallinity. When the molar 

concentration was increased to 0.125 M, the intensities of the peaks of CuO get enhanced 

which indicates that the crystallinity of crystallites has been improved.  The peak positions 

of the diffraction peaks and ‘D’ values for CuO thin films are in good agreement with the 

earlier reports of the spray deposited CuO thin films using CuCl2.2H2O [3].   
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Fig. 4.3 XRD patterns of CuO thin films synthesized from solution of various MCs  

(Ts = 350 oC) 
 

Table 4.1 Crystallite size for the CuO thin films for various MCs (Ts = 350 oC) 
 

 
 
 

 
 
4.2.1.3 Optical Properties  
 
4.2.1.3.1 Transmittance and Optical Band Gap 

The variation of transmittance, T of CuO thin films for MC of 0.05 - 0.15 M with 

wavelength is shown in Fig. 4.4.  It is seen that T is high in the  near infrared region and 

minimum at wavelength ~ 300 nm 60 to 80% transmittances are observed in the wavelength 

range of 800-1100 nm and below 800 nm transmittance decreases gradually. The 

transmittance is high about 80% for CuO thin films grown with MC of 0.10 M at Ts of 350 

°C. The increase in transmittance may be due to the transition of the CuO films from 

MC (M) 0.05 0.075 0.10  0.125 0.15  
D (nm) 8.0257 8.9341 9.5743 9.6232 9.0532 
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amorphous to polycrystalline structure. A relatively high transmittance value for the thin 

film deposited at Ts of 350 °C for MC of 0.10 M, may be attributed to less scattering due 

to the decrease in the degree of irregularity in the grain size distribution [4].The 

transmittance values are decreased for the next MC of 0.15 M. This suggests that the 

decrease in the transmittance of CuO thin films with increasing in MC may lead to increase 

in the degenerate nature of the films, which results in light absorption. The optical band 

gap (Eg) for the direct band gap semiconductors is determined using the Tauc model and 

parabolic bands [5], (αhν)2 = A(hν-Eg), where A is a proportionality constant, hν is the 

incident photon energy (hν), α is the absorption coefficient, and Eg is the optical band gap. 

Fig. 4.5 shows (αhν)2 as a function of, hν for the CuO thin films deposited at various MCs. 

The α was found in the order of 106 m-1 which may be suitable for a transparent conducting 

film. The Eg of the CuO thin films against MC is plotted in Fig. 4.6. The Eg is found to be 

2.40 eV for MC of 0.05 M and a minimum value of Eg of 1.60 eV for MC of 0.10 M. It can 

be seen that a band gap tuning of 0.80 eV results when the MC is changed by about 0.05 

M. The value of the α and Eg decrease as the MC increases gradually up to 0.10 M whereas 

it starts to increase with further increase of MC. It may be due to the removal of defects 

and disorderness in the film with increasing MC.     

 
 

Fig. 4.4 Optical transmittance vs. wavelength of CuO thin films for various MCs  
(Ts = 350 oC) 

200 400 600 800 1000 1200

0

10

20

30

40

50

60

70

80

90

 

 

T
ra

n
s
m

it
ta

n
c
e

 (
%

)

Wavelength (nm)

 0.05 M

 0.075 M

 0.10 M

 0.125 M

 0.15 M



103 
 

1.5 2.0 2.5 3.0 3.5 4.0 4.5
0

1x10
3

2x10
3

3x10
3

4x10
3

 

 

(
h

)2

  
(m

-1
e

V
)2

h (eV)

  0.05 M

 0.075 M

 0.10 M

 0.125 M

 0.15 M

      
Fig. 4.5 Variation of (αhν)2 with hν for CuO thin films for  various MCs (Ts = 350 oC) 

 

      
 

Fig. 4.6 Band gap vs. MC of the solution for CuO thin films (Ts = 350 oC) 
 
4.2.1.3.2 Refractive Index and Extinction Coefficient  

The variation of refractive index, n with MC of solution for CuO thin films is presented in 

Fig. 4.7. The n of CuO thin film is obtained to be 2.82 for MC of 0.05 M and it becomes 

lowest, 2.68 for MC of 0.10 M. This lowest value is very close to the reported value 2.65 

of CuO thin film prepared by reactive RF magnetron sputtering [6] and it is lower than that 

of bulk CuO and this low value of n may probably due to the smaller density of the films. 
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The variation of extinction coefficient, k with hν is shown in Fig. 4.8. It is observed that 

the k increases with the increase of MC. In the variation of k with energy, the k values for 

all the films behave a linear increase upto 2.2 eV after that there is a gradual decrease in 

the k value. The blue shift in the k value denotes that the films are stronger absorbing 

medium in this range and is very close to the reported value of CuO thin films prepared on 

to glass substrates from different aqueous solution of copper (II) chlorite [2]. The k of CuO 

thin films increases rapidly for photon energies above 1.6 eV for better crystallization and 

tends to decrease above 2.3 eV for scattering of phonons dominant with electrons. 

 

   
 

Fig. 4.7 Variation of n with MC for CuO thin films (Ts = 350 oC) 
 

 
 

Fig. 4.8 Variation of k with hν for various MCs of CuO thin films (Ts = 350 oC) 
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4.2.1.4 Electrical Properties             
The variation of electrical resistivity (ρ) of CuO thin films with temperature is shown in 

Fig. 4.9. The ρ of CuO thin films with temperature is decreased, indicating that these films 

are semiconducting nature. Room temperature electrical conductivity (σ) and ρ of CuO thin 

films with MC are presented in Fig. 4.10. The room temperature ρ of the prepared CuO 

thin films decreases as MC increases and the minimum value of ρ is found for 0.10 M. This 

variation in the ρ of the films with MC has been explained in terms of stoichiometric 

changes induced by copper (Cu) or oxygen O ion vacancies and neutral defects. The 

reduction in ρ with the increase in MC is due to the increase of carrier concentration of Cu 

and lower scattering of excess conduction electrons. Further increase in oxygen during 

deposition is observed to result in a high airing of the film resistivity, which was explained 

as resulting from the MC of the films with excess oxygen i.e. effectively producing more 

copper ion vacancies and a p-type semiconductor CuO. It may be due to increase in the 

free path of carrier concentration. The formation of these defects depends on the sticking 

coefficient, nucleation rates and the migration of impinging Cu and oxygen species on the 

substrate during deposition. Generally, the σ in semiconductor is caused by thermal 

excitation of electron, impurities and lattice defects such as dislocation, stacking faults and 

micro twines [7]. This study reveals that MC increase has a considerable effect on the 

electrical properties of CuO thin films.  
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Fig. 4.9 Variation of ρ with temperature of CuO thin films for various MCs (Ts = 350 oC) 
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Fig. 4.10 Variation of resistivity and conductivity at room temperature with MC of CuO thin 
films (Ts = 350 oC) 

 

The activation energy (Ea) is calculated from the slope of a curve lnσ vs. (1/T) using the 

equation (2.31) given in chapter II. A plot of lnσ vs 1000/T is shown in Fig. 4.11 and 

variation of Ea with MC of solution is shown in Fig.4.12. The nonlinear nature of the plots 

exhibit two types of conductivity mechanism. The Ea values in two temperature regions are 

calculated from the graphs. The σ (Fig. 4.10) as well as the Ea (4.12) was increased was 

increased as of MC increases up to 0.10 M and above 0.10 M both parameters decreases. 

The activation energy E1, 0.30 eV for 0.10 M in the high temperature region to the impurity 

scattering and E2, 0.12 eV for 0.10 M in the low temperature region is related to the intrinsic 

generation process [8-9]. The conduction mechanism at lower temperatures can be 

explained in terms of hopping through a band of localized states and at the higher 

temperatures in terms of thermal excitation of carriers to the band edges. The low value of 

Ea may be associated with the localized levels hopping due to the excitation of carriers 

from donor band to the conduction band. A low activation energy of 0.14 eV was reported 

for sputtered CuO thin films [10]. This low value of Ea was assumed due to the 

nonstoichiometry of the CuO thin film but in the present case the higher values of Ea in the 

higher temperature region may suggest that the prepared sample is stoichiometric. For SEM 

and EDX observations, it is also found that CuO thin films are stoichiometric.  The Figure 
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of merit is well-known as an index for evaluating the performance of transparent 

conducting films, and it is given by the equation F=(−ρlnT)−1 where ρ is the electrical 

resistivity and T is the average transmittance in the wavelength range of 800-1100 nm [11]. 

Fig. 4.13 shows the Figure of merit values of CuO thin films deposited for various MCs. 

The Figure of merit for the CuO thin films deposited with MC of 0.05, 0.10 and 0.15 M 

were found to be 0.1278, 0.1424 and 0.1418 Ω−1- cm−1, respectively. The increase in the 

figure of merit of the CuO thin films is mainly due to the increase in the optical 

transmittance with increasing MC.   

It is observed that transmittance of the prepared sample is maximum, Eg  is minimum  and 

D is maximum for CuO thin films prepared with MC of 0.10 M due to better crystal 

structure and surface morphology. Thus it is observed from these studies that CuO thin 

films synthesized at Ts of 350 oC with 0.10 M of MC of solution have optimum properties. 

So, the detail investigations on the CuO thin films synthesized with 0.10 M at various Ts 

have been performed. The findings from these observations are discussed in the following 

sections.  
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various MCs (Ts = 350 oC) 



108 
 

0.04 0.06 0.08 0.10 0.12 0.14 0.16
0.00

0.05

0.10

0.15

0.20

0.25

0.30

 

 

A
c
ti
v
a

ti
o

n
 e

n
e

rg
y
, 

E
a
 (

e
V

)

Molar concentration (M) 

 E
1

 E
2

 
Fig. 4.12 Variation of activation energy with MC for CuO thin films (Ts = 350 oC) 
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Fig. 4.13 Variation of Figure of merit versus MC for CuO thin films (Ts = 350 oC) 
 
4.2.2 CuO Thin Films Synthesized Using Solution of 0.10M at Different Ts  
 
4.2.2.1 Surface Morphology and Elemental Analyses 
 

SEM images were recorded to examine the surface morphology of the CuO thin films 

synthesized at five different Ts for MC of 0.10M and the images are shown in Fig. 4.14. 

The CuO thin films have grain agglomerates of different sizes and shapes formed during 

deposition, and their distribution on the surface is not homogeneous. From SEM 

micrographs, it is seen that agglomerates become larger as Ts increases up to 400 °C and 
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above Ts of  400 °C crystallite size decreases. This change corresponds to the change in 

crystallite size presented in Table 4.2.   

Fig.4.15 shows EDX spectrum of CuO thin films prepared at Ts of 400 °C. Cu and O are 

identified with atomic ratio 1:1, which confirm that the CuO thin films prepared through 

the chemical oxidation route. Other elements may arise from the substrate.  

 
 

 
 

 
 
 
 
 
 

 
 
 
 
 
 

 
 
 
 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 4.14 SEM image of CuO thin films at Ts of  (a) 250 (b) 300 (c) 350 (d) 400 and (e) 450 ºC 
(MC = 0.10M) 
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Fig. 4.15 EDX spectra of CuO thin films at Ts of  400 ºC (MC = 0.10 M) 

 
4.2.2.2 Structural Analyses  
 

XRD patterns for CuO thin films synthesized at different Ts of 250, 300, 350, 400 and 450 

°C from 0.10 M solution are shown in Fig. 4.16. The diffraction peaks observed at 2θ 

values of 32.2, 35.5, 38.3, 39.1, 48.85 and 52.7 correspond to the diffraction lines 

produced by (110), (002), (111), (200), (2̅02), and (020) planes of the end-centered 

monoclinic structured CuO (JCPDS card No. 89-5895). Crystallite size (D) of the prepared 

CuO thin films was determined from the strongest peak for (111) for every XRD pattern 

using Debye-Scherrer formula [1]. It is observed from Fig. 4.16 that the diffraction peak 

positions are identical for all the CuO thin films obtained at different Ts, indicating the 

formation of monoclinic phase CuO in all the cases. Although (111) and (200) reflections 

are present, no other planes are present for Cu2O as the case for different MC.  The lattice 

constants of the CuO thin films deposited at 400 oC for MC of 0.10 M are found to be: a = 

4.6749 Å, b = 3.4536 Å and c = 5.1207 Å, and are in good agreement with the standard 

JCPDS data for monoclinic structured of CuO. For peak (111) the calculated values of D 

for the CuO thin films are presented in Table 4.2. In Table 4.2, it is observed that the D 

increases with Ts up to about 400 oC and then decreases. For CuO there are many dangling 

bonds related to the Cu and/or oxygen defects at the grain boundaries. As a result, these 
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defects are favorable to the merging process to form larger CuO grains while increasing Ts 

[12]. It implies that the crystallinity of the CuO thin films is improved at higher Ts. This 

may be due to gaining enough energy by the crystallites to orient in proper equilibrium 

sites at high Ts, resulting in the improvement of crystallinity and degree of orientation of 

the CuO thin films [13-14]. Similar result was reported in ref. [15] as increasing Ts, the size 

of the crystallites (16.55 to 48.69 nm) for TiO2 thin film prepared by SPT. These results 

are in good agreement with the reported observation in refs. [16-17]. 
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Fig. 4.16 XRD patterns of CuO thin film synthesized at various Ts (MC = 0.10M) 
 

 

Table 4.2 Crystallite size for the CuO thin films at various Ts (MC= 0.10 M) 

 
Ts (°C) 250 300 350 400 450 
D (nm) 8.4784 9.0257 9.5743 9.6545 9.6223 
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4.2.2.3 Optical Properties  
 
4.2.2.3.1 Transmittance and Optical Band Gap 
 
The optical properties of CuO thin films deposited at various Ts for solution of 0.10 M 

were investigated by recording of the transmission spectra as shown in Fig.4.17. It is seen 

that the transmittance is high in the NIR region and minimum at wavelength ~ 300 nm. 

Average 60 to 80% transmittances are observed in the wavelength range of 800-1100 nm 

and below 800 nm, T decreases gradually. The transmittance increases from 5 to 10% with 

Ts, and shows the highest transmittance of about 80 % for the thin films grown at Ts of 350 

°C. The increase in transmittance may be due to the transition of the CuO films from 

amorphous to polycrystalline structure. The transmittance values are decreased for the next 

higher Ts, it may be due to crystallinity of the film decreases. The Eg of semiconductors is 

determined using the Tauc model and parabolic bands [5]. Fig. 4.18 shows the absorption 

coefficient squared (αhν)2 as a function of, hν for the CuO thin films deposited at various 

Ts. The Eg of the CuO thin films at various Ts is plotted in Fig. 4.19. It is seen in Fig.4.19 

that for the CuO thin films deposited at Ts of 250 °C the Eg is found to be 1.90 eV and then 

a minimum value 1.60 eV is found for sample obtained at 350 °C. It can be seen that band 

gap tunes by 0.30 eV due to change of Ts by about 100 °C. The value of the α and Eg 

decrease as the Ts increases gradually up to 350 °C wheres it starts to increase with further 

increase of Ts. The decrease of Eg may be due to the removal of defects and disorderness 

in the as-deposited film by increasing Ts.  
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Fig. 4.17 Optical transmittance vs. wavelength for CuO thin films at various Ts (MC = 0.10M) 
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Fig. 4.18 Variation of (αhν)2 with hν for CuO thin films at various Ts  (MC = 0.10M) 
 

       
 

Fig. 4.19 Variation of Eg with Ts for CuO thin films (MC = 0.10M) 
 
4.2.2.3.2 Refractive index and Extinction Coefficient 
 
The variations of refractive index, n for CuO thin films with Ts is shown in Fig. 4.20. The 

n of CuO thin film has been obtained to be 2.75 at Ts of 250 °C and it becomes lowest, 2.68 

at Ts = 350 °C. The low value of n may be due less scattering and absorbing by CuO 

synthesized at Ts of 350 °C. A higher Ts, n is increased which may be due to scattering of 

phonons dominant with atoms. This value is very close to the reported value 2.65 of CuO 

thin film prepared by RF magnetron sputtering [6] and it is lower than that of bulk CuO 

and this low value of refractive index may probably due to the lower density of the films.  
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The variation of extinction coefficient, k with hν is shown in Fig. 4.21. It is observed that 

the k increases with the increase of Ts. The k about 0.1 in the wavelength range 800-1100 

nm (1.6-1.0 eV) is shown in Fig. 4.21, which is lower than that of CuO thin films prepared 

by RF magnetron sputtering [6] and is very close to the reported value of CuO thin films 

prepared on to ITO glass substrates from an aqueous electrolytic bath containing 

CuSO4 and tartaric acid [18]. The k of CuO thin films increases rapidly for photon energies 

above 1.6 eV and tends to decrease above 2.3 eV.         
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Fig. 4.20 Variation of n for CuO thin films with Ts (MC = 0.10M) 
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Fig. 4.21 Variation of k for CuO thin films with hν at various Ts (MC = 0.10M)  
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4.2.2.4 Electrical Properties          
The ρ of CuO thin films as a function of temperature is shown in Fig. 4.22. It is observed 

that the ρ of CuO thin films decreases with the increase of temperature, showing 

semiconducting nature. Dependence of room temperature ρ of CuO  thin films on Ts is 

presented in Fig. 4.23. The ρ of the films varying from 30 to 18 Ω-cm  The minimum ρ is 

found to be 18 Ω-m for CuO thin film deposited at Ts = 350 °C. The decrease in ρ with Ts 

can be explained in terms of stoichiometric changes induced by oxygen ion vacancies and 

neutral defects. The formation of these defects depends on the sticking coefficient, 

nucleation rates and the migration of impinging Cu and oxygen species on the heated 

substrate during deposition. The reduction in ρ with the increase in Ts is due to the increase 

of carrier concentrations due to the presence of Cu and lower scattering of excess 

conduction electrons. It may be due to increase in the free path of carrier concentration.   
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Fig. 4.22 Variation of DC electrical resistivity for CuO thin films with temperature for various Ts 
(MC = 0.10M)  
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Fig. 4.23 Variation of DC electrical resistivity for CuO thin films at room temperature with 
various Ts  (MC = 0.10M)  

 
The temperature dependence of electrical conductivity (lnσ) is shown in Fig.4.24. The 

variation of Ea with Ts is shown in Fig.4.25. The activation energy E1 is varying from 0.21 

to 0.26 eV at high temperature region and that varies from 0.03 to 0.09 eV at lower 

temperature region.  The maximum value of Ea of CuO thin film is found to be at higher 

temperature region is 0.30 eV for 0.10 M and Ts of 350 oC. This value of Ea is assumed 

due to the stoichiometry of the CuO thin films. From SEM and EDX observations, it is also 

found that CuO thin films are stoichiometric. The law value of Ea referred to be due to 

lower crystallinity of the thin film [19] prepared by spin coating technique using copper 

acetate as precursor. The Figure of merit is well-known as an index for evaluating the 

performance of transparent conducting films. It has been expressed by equation in chapter 

II. Fig. 4.26 shows the Figure of merit values of CuO thin films deposited at various Ts and 

it is 0.14 Ω-1-cm-1 at Ts of 350 oC. The increase in the Figure of merit of the CuO thin films 

is mainly due to the increase in the optical transmittance with increasing Ts up to 350 oC, 

beyond this Ts it is decreased. This result is comparable with the reports of ref. [20], where 

CuO thin films were deposited on glass substrates at various growth temperatures by 

reactive RF magnetron sputtering using Cu target. The maximum value of the Figure of 

merit, 0.17 Ω-1- cm-1 was obtained for the CuO film deposited at 350 °C. The experimental 

data suggest that Ts of 350 °C is the best condition for depositing high-quality CuO thin 

films.  
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Fig. 4.24 Variation of lnσ for CuO thin films with respect to inverse of temperature at various Ts 
of CuO thin films   (MC = 0.10M)     
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Fig. 4.25 Variation of activation energy with Ts for CuO thin films (MC = 0.10M)  
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Fig. 4.26 Variation of Figure of merit with Ts for CuO thin films (MC = 0.10M)  
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4.2.3 Summary of Findings on CuO Thin Films  
CuO thin films have been deposited using SPT by variation of MC from 0.05 to 1.5 M 

different at Ts from 250 to 450 °C. The SEM images and EDX analyses of CuO thin films 

reveal that deposited films are stoichiometric. Structural analysis confirmed that CuO thin 

films were monoclinic structure with planes at (110), (002), (111), (200), (2̅02), and (020). 

It is observed that CuO thin film prepared with 0.10 M at Ts of 350 oC is a good 

stcothiometric and homogeneous one and is highly oriented along the CuO (111) plane. 

The average D is about 9.5743 Å and the average T is 75% in the wavelength range of 800-

1100 nm for the film deposited at 350 °C. The Eg is 1.6 eV for MC of 0.10 M. The Eg varies 

from 1.90 to 1.65 eV and the k increases with the increase of Ts. The lowest value of n is 

2.68 for thin film prepared with 0.10 M at Ts of 350 °C. The CuO thin film with these Eg 

values is a good absorber material for solar cell application. The ρ of CuO  thin film is 

30.09 Ω-cm for Ts of  250 °C and it is reduced as Ts increases so that the minimum ρ is 

found to be 18 Ω-cm for MC of 0.10 M and Ts of 350 °C. The Ea is varying from 0.21 to 

0.26 eV at high temperature region and 0.03 to 0.09 eV at lower temperature region.  The 

maximum value of Ea of CuO thin film is found to be 0.30 eV at higher temperature region 

for 0.10 M and Ts of 350 oC. The highest Figure of merit is found for the films grown from 

0.10 M solution at Ts of 350 °C with an optical transmittance about 76% in the wavelength 

range of 800-1100 nm. Thus the crystalline phases, morphology, optical, and electrical 

properties of the prepared CuO thin films are found to be significantly influenced by the 

change in MC and Ts. The results suggest that high-quality CuO thin film can be produced 

from MC of 0.10 M solution of Cu(CH3COO)2.H2O at Ts of  350 °C. The obtained 

experimental results compared with others, it can be inferred that prepared CuO thin films 

are bearing good quality. This synthesized alloy compound could be environmental 

friendly and suitable as a potential buffer layer in the fabrication of heterojunction solar 

cells and optoelectronic devices. 
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 4.3 Results and Discussion on TiO2 Thin Films 
 
4.3.1 TiO2 Thin Films Synthesized from Aqueous Solutions of Different 

Molar Concentrations at Ts of 400 oC 

 
4. 3.1.1 Surface Morphology and Elemental Analysis 
 
SEM images of the TiO2 thin film deposited from MC of solutions (0.05 - 0.15M) at Ts of 

400 oC on to glass substrates are shown in Fig. 4.27. It is observed that the surface 

morphology of the thin films is uniform and homogeneous without any crack over a wide 

area. As the MC increased, the number density and the size of TiO2 particles increased. 

TiO2 thin films for the MC of 0.10M, very fine particles were observed and very densely 

packed columnar crystals with a prismatic top structure became dominant. These grains 

correspond to small aggregates of microcrystallites visualized by SEM. These results 

suggest that the specific surface area increased significantly in the early stage of TiO2 film 

growth, however, the specific surface area may have been maintained almost constant after 

MC of 0.10 M. So, surface studies of TiO2 thin films by SEM reveals a homogeneous 

growth on the entire surface with in the field of view.   

The wt % of the elements determined by EDX is reported in Table 4.3. Table.4.3 shows 

the presence of titanium (Ti) and oxygen (O), which confirm that the TiO2 thin films 

prepared through the chemical oxidation route are free from impurities.   

 

Table 4.3 Quantitative results of TiO2 thin films for various MCs (Ts =400 oC) 

 
MC (M) wt % of element 

Ti O 
0.05 55.66  44.34 
0.075  59.55  40.45 
0.10 67.34 32.66 
 0.15  64.68  35.32 
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Fig. 4.27 SEM image of TiO2 thin films deposited at Ts of 400 oC for MC of  (a) 0.05,  (b) 0.075 
(c) 0.10  and (d) 0.15M 

 
 
4.3.1.2 Structural Analyses    
 
Fig. 4.28 presents the XRD patterns of the TiO2 thin films for four different MCs.  The 

diffused XRD pattern of as deposited film grown for 0.05M concentration of solution 

indicate that the film is amorphous in nature. However, the diffraction peaks observed at 

2θ values of 25.25, 38.05, and 48.5 correspond to the diffraction lines produced by (101), 

(004), and (200) planes of the tetragonal structure with anatase phase [21] for MC>0.05 M 

and  the diffraction data are in good agreement with TiO2 thin films prepared using reactive 

RF magnetron sputtering [22]. The XRD patterns with higher MC show that the TiO2 film 

contains only anatase, which is well known as the most suitable structure for the 

photocatalysis. It is found that the initiation of the crystalline phase occur at MC of 0.075 
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M. The lower concentration (0.05 M) was insufficient for the crystallization of TiO2 thin 

films. The solution concentration has great impact on the crystallization. The well defined 

reflection (101) of the TiO2 thin films films could be indexed in terms of the anatase phase 

lattice as identified for the precursor concentration of 0.10 M. The D was obtained by 

Debye-Scherrer formula [23]. The D and the lattice constants (a = b, c) are calculated from 

the peak (101) of the XRD patterns and these values are given in Table 4.4. It can be noticed 

in Table 4.4 that D increases as MC increases and the  crystallinity and homogeneity of the 

TiO2 thin films improves progressively with increasing MC. This may be due to gaining 

enough energy by the crystallites to orient in proper equilibrium sites, resulting in the 

improvement of crystallinity and degree of orientation of the TiO2 thin films [24]. The D 

of TiO2 thin films is 13.51 nm, which is smaller than the commercially available one (26.7 

nm) and smaller than 15.9 nm of TiO2 thin films prepared by spin coating method from 

TiCl4 [25].  

Upon increasing the precursor concentration from 0.075 to 0.10 M, the D increases from 

11.21 to 13.51 nm due to particle residence time. Similar result was observed by the authors 

of ref. [26], where TiO2 thin films were produced from TiCl4 (as precursor) by diffusion 

flame technique. These findings are similar to the well defined reflections of TiO2 anatase 

phase thin films prepared by SPT from precursor concentration of 0.10 M of titanium tetra 

isopropoxide [27].  

 

Table 4.4 D and lattice constants of the TiO2 thin films for various MCs (Ts = 400 oC) 

 

MC (M) 0.05 0.075 0.10 0.15 
D (nm) - 11.2134 13.5138 13.3514 
 a (Å)                   
c (Å) 

- 3.7870      
9.5194 

3.8067   
9.1021 

3.7621      
8.9745 
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Fig. 4.28 XRD patterns of TiO2 thin film synthesized form various MCs (Ts = 400 oC) 

 
4.3.1.3 Optical Properties 
 
4.3.1.3.1 Transmittance and Optical Band Gap  
 
The variation of optical transmission (T) as a function of wavelength was recorded for TiO2 

thin films prepared from MC of 0.05-0.15 M and is presented in Fig. 4.29. It can be noticed 

that the values of T are high in the visible and NIR regions (600-1100 nm). It is observed that 

T is greater than 70% in the visible and NIR region for films prepared with solution of 0.10 

M. An average of 75 to 80% T is observed in the wavelength range of 800-1100 nm and 

below 600 nm T decreases gradually. The T increases from 15 to 20% with the increase of 

MC, and shows the highest T of about 88 % for the thin films grown with MC of 0.10 M. 

The shift in the fundamental absorption edge is due to the small structural changes as 

revealed by XRD analysis. The increase in T may be due to the transition of the TiO2 films 

from amorphous to polycrystalline structure. A relatively high T value for the thin film 

deposited with MC of 0.10 M may be attributed to less scattering due to the decrease in the 

degree of irregularity in the grain size distribution. The T of the films is also influenced by 

a number of effects, which include surface roughness and optical inhomogeneity in the 
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direction normal to the film surface [28]. The T values are decreased for the next higher 

level of MC of 0.15 M. The α vs. wavelength curves of TiO2 thin films for various MCs 

are shown in Fig.4.30. It is observed that α first increases slowly in the low energy region 

and then increases sharply near the absorption edge. So the value of α depends on MC of 

the solutions. From both the figures it is observed that the α first increases slowly in the 

low energy region i.e. in the high wavelength region and then increases sharply near the 

absorption edge so the value of the α depends on MC.  

Fig. 4.31 shows the variation of (αhν)2  with hν for various MCs of the solutions of TiO2 

thin films. The dependence of Eg of the TiO2 thin films obtained from Fig. 4.1 with MC of 

solution is plotted in Fig. 4.32. It is seen that Eg of TiO2 thin film deposited from MC of 

0.05 M is 3.65 eV. Then a minimum value of 3.40 eV is observed for TiO2 thin film 

deposited from MC of 0.10 M. It can be seen that Eg tuning of 0.25 eV is observed  when 

the MC is changed by about 0.05 M.  
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Fig. 4.29 Optical transmittance vs. wavelength TiO2 thin films for various of MCs (Ts = 400 oC) 
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Fig. 4.30 Absorption coefficient vs. wavelength of TiO2 thin films for various MCs (Ts = 400 oC) 
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Fig. 4.31 Variation of (αhν)2 with hν for various MCs of solution of TiO2 thin films (Ts = 400 oC)  

 
 

              
 

Fig. 4.32 Variation of Eg with MC of TiO2 thin films (Ts = 400 oC) 
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4.3.1.3.2 Refractive Index and Extinction Coefficient  

The refractive index, n of TiO2 thin films increases with Ts, as shown in Fig. 4.33. The 

value of n of TiO2 thin film has been obtained to be 2.76 for MC of 0.05 M and it becomes 

lowest, 2.55 for MC of 0.10 M. This value is lower than that of the reported value 2.80 of 

TiO2 thin film prepared by DC magnetron sputtering [28] and it is lower than that of bulk 

2.61 TiO2 [29]. It is also observed that n increases for MC of 0.15 M, which may be due to 

the increase of inhomogenity and surface roughness of the thin films.  

The variation of extinction coefficient, k with hν is presented in Fig. 4.34. It is observed 

that k decreases with the increase of MC. The increase and decrease of k directly related to 

the absorption of light. The k of about 0.04 in the wavelength region of 500-1100 nm is 

very close to that of the reported value of TiO2 thin films prepared by DC magnetron 

sputtering method [28]. The low value of n and k may probably be due to the lower density 

of the films. T and n in wavelength ranging from 400 to 700 nm and Eg of the TiO2 thin 

film for various MC are recorded in Table 4.5.  

 

 
 

Fig. 4.33 Variation of n with MC of TiO2 thin films (Ts = 400 oC) 
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Fig. 4.34 Variation of k with wavelength for various MCs of the solution of TiO2 thin films 
 (Ts = 400 oC) 

                                                                                                                                                                
Table. 4.5 Values of  maximum T (λ), Eg, and n of the TiO2 thin films for various MCs 

 (Ts = 400 oC)  
 
 

MC (M) 0.05 0.075 0.10 0.15 
T (%) (800-1100 

nm) 
0.67 0.75 0.89 0.84 

Eg (eV) 3.65 3.62 3.40 3.70 
n 2.76 2.65 2.55 2.66 

 
 
4.3.1.4 Electrical Properties  
 
The electrical characterization of TiO2 thin films prepared from various MC of precursor 

solution was done by van der Pauw method [30]. The dependence of the resistivity, ρ of 

TiO2 thin films on the absolute temperature and MC  are shown in Fig.4.35 and Fig. 4.36 

respectively. These studies reveal that MC has a considerable effect on the electrical 

properties of TiO2 thin films. Generally, the σ in semiconductor is caused by thermal 

excitation of electron, impurities and lattice defects such as dislocation, stacking faults 

microtwines, etc. [8]. The increase of σ with temperature may be due to the increase of 

carrier mobility or due to increase of carrier concentration from neutral defects and 

stochiometric changes of the films. This is clearly understood from Fig. 4.28, where one 

can see a single phase structure of TiO2 thin film, the single phase structure enhances the 
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electron mobility thus improve the conductivity [31-32]. In the present study 0.10 M film 

has the highest electrical conductivity and lowest electrical resistivity. This may be due to 

the highest grain size of 0.10 M film. The increase of grain size may be due to the improved 

crystallanity of 0.10 M film. The growth in grains leads to the reduction of grain boundary 

scattering which decreases the resistivity for the films and eventually the increase in the 

conductivity of the films. 
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Fig. 4.35 Electrical resistivity vs. absolute temperature TiO2 thin films  (Ts = 400 oC)  
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           Fig. 4.36 Room temperature electrical resistivity vs. MC of TiO2 thin films (Ts = 400 oC)  
 

Fig. 4.37 shows electrical conductivity (lnσ)  vs. inverse of absolute temperature for various 

MCs of the solution of TiO2 thin films.  The Ea was calculated from the slopes of ln σ vs 

http://www.scialert.net/asci/result.php?searchin=Keywords&cat=&ascicat=ALL&Submit=Search&keyword=electrical+conductivity
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1000/T plots of Fig. 4.37 using the Arrhenius relation [33]. Fig. 4.38 shows the Ea of TiO2 

thin films for various MCs. The conduction mechanism can be explained in terms of 

hopping through a band of localized states and carriers to the band edges.  

Fig. 4.39 shows the Figure of merit values of TiO2 thin films for various MC. This value is 

well cumulative with TiO2 thin films prepared by sputtering [34]. The increase in the Figure 

of merit of the TiO2 thin films is mainly due to the increase in the optical transmittance 

with increasing MC. The experimental data suggest that MC of 0.10 M is the best MC with 

other conditions for depositing high-quality TiO2 thin films.     
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Fig. 4.37 lnσ   vs. inverse of absolute temperature for various MCs of TiO2 thin films 
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Fig. 4.38 Variation of activation energy vs. MC of TiO2 thin films (Ts = 400 oC) 
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Fig. 4.39 Variation of Figure of merit with MC the solution of TiO2 thin films (Ts = 400 oC) 
 
4.3.2 TiO2 Thin Films Synthesized Using MC of 0.10 M at Different Ts  
 
4.3.2.1 Surface Morphology and Elemental Analyses 
 

SEM images of the TiO2 thin films are presented in Fig. 4.40. The surface of the thin films 

is uniform and homogeneous with grains. SEM images reveal that sprayed particles (atoms) 

are absorbed onto the glass substrate into clusters as the primary stage of nucleation and 

finally form grain agglomerate. It is observed that the coating is transparent. From SEM 

micrographs, it is seen that agglomerates become larger as Ts increases up to 450 °C and 

D increases. This change corresponds to the change in D, as seen present in Table 4.7. EDX 

analysis reveals the presence of Ti and O and confirms the formation of TiO2 thin films 

through the chemical oxidation route free from impurities (Table.4.6).  
 

Table 4.6 Quantitative results of TiO2 thin films at various Ts (MC = 0.10 M) 
 

 
Ts (oC) wt % of element  

Ti O 
250  62.63  37.37 
300 64.74  35.26 
350 66.45  33.55 
400  67.34 32.66 
450  67.88  32.12 
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Fig.4.40 SEM images of TiO2 thin films at Ts of (a) 250 (b) 350 (c) 400 and (d) 450 ºC 
(MC=0.10M) 

 
4.3.2.2 Structural Analyses   
XRD patterns of TiO2 thin films synthesized at different Ts are illustrated in Fig. 4.41. 

These indicated that TiO2 thin film prepared at Ts of 250 °C was amorphous whereas those 

prepared at Ts viz, 300, 350, 400 and 450 °C were crystalline nature and there was no 

indication of other crystalline by-products. The diffraction peaks observed at 2θ values of 

25.25, 38.05, and 48.50 correspond to the diffraction lines produced by (101), (004), and 

(200) planes of the tetragonal structure with anatase phase (JCPDS card No. 21-1272) and 

the diffraction data are in good agreement with TiO2 thin films prepared by sol-gel method 

[23]. Strong diffraction peaks at 25° and 48° are indicating TiO2 in the anatase phase [38]. 

With the increase of Ts there is an increase in intensity and sharpening of this peak, which 

is caused by improvement of crystallinity of the films. These diffraction patterns show that 

 a 
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 c 
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the TiO2 thin film contains only anatase phase, which is well known as the most suitable 

structure for the photocatalysis. This thin film is better when compare to the TiO2 thin films 

prepared by plasma-enhanced atomic layer deposition (PE-ALD) using Ti(NMe2)4 

[tetrakis(dimethylamido) Ti] and O2. In that study, film deposited below 200 °C was 

amorphous, while the films deposited at 300 and 400 °C showed anatase and rutile phases, 

respectively [36]. It can be noted that prepared TiO2 thin films by SPT is better than TiO2 

thin film by sol-gel process using dip coating method onto glass substrates from tetra-n-

butylorthotitanate as precursor [37]. The (101) surface of TiO2 thin film is energetically 

the most stable and the predominant crystal face found in polycrystalline samples.  From 

XRD data of TiO2 thin films, D and lattice constants (a = b, c) are calculated using equation 

2.4 and 2.6 given in chapter II, and these values of D, a and c are depicted in Table 4.7  No 

trace of rutile phase was found in the TiO2 thin films regardless of Ts. The increase of Ts 

increases the intensity of the peaks. It is due to the increases of crystallinity of the TiO2 

progressively with Ts. It is noticed that no additional XRD peaks appears corresponding to 

Ts> 250 oC. The values of average D is in the range 12.74–13.05 nm for Ts of 300 to 450 
oC. This means that the homogeneity of the thin film is improved with substrate heating at 

higher temperatures during the film deposition. As a result, the defects are in favorable 

condition for the merging process to form larger TiO2 grains while increasing Ts. It implies 

that the crystallinity of the TiO2 thin films is improved at higher Ts. The coagulation or 

aggregation of particles leads to the formation of larger particles due to higher chances of 

collisions among the particles [40]. It was reported that TiO2 thin films prepared from the 

solution containing titanium (IV) isopropoxide, acetylacetone and ethanol onto n-type 

Si(100) and HD Si(100) wafers at Ts <of 500 oC, TiO2 thin films obtained were amorphous 

and at 500 oC films were crystalline phase [41], So it can be mentioned that the TiO2 thin 

films synthesized in the present study are better because these are in anatase phase at Ts of 

400 oC without annealing.    
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Fig. 4.41 XRD patterns of TiO2 thin film synthesized at various Ts (MC = 0.10 M) 

Table 4.7 Crystallite size and lattice parameters for the TiO2 thin films synthesized at various Ts 

(MC= 0.10 M) 

Ts (°C) 250 300  350  400 450 
D (nm) - 12.7417 12.8498 13.5138 13.0451 
a (Å)    
c (Å) 

- 3.7870      
9.5194 

3.7829   
9.0856 

3.8072     
8.9276 

3.8035     
8.9640  

 
 

4.3.2.3 Optical Properties  
 
4.3.2.3.1 Transmittance and Optical Band Gap 

Transmission spectra were taken in the range of 300 to 1100 nm for TiO2 thin films prepared 

at Ts of 250 to 450 oC and are shown in Fig. 4.42. It is seen from Fig. 4.42 that the value of T 

is high in the visible and NIR regions.  About 75 to 85% T is observed in the wavelength 

range of 800-1100 nm and below 600 nm, T decreases gradually. The T increases from 10 

to 15% with Ts, and shows the highest T of about 88 % for the thin films grown at Ts of 
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400 °C. The shift in the fundamental absorption edge may be due to the change in crystallite 

size as revealed by XRD analysis. The T of the films is also influenced by a number of 

effects, which include surface roughness and optical inhomogeneity in the direction normal 

to the film surface. The increase in transmittance may be due to the transition of the TiO2 

films from amorphous to polycrystalline structure and relatively high transmittance may 

be attributed to less scattering due to the decrease in the degree of irregularity in the grain 

size distribution [42]. Fig. 4.43 shows the (αhν)2  as a function of hν for the TiO2 thin films 

deposited at various Ts. The α was found in the order of 105 m-1 which may be suitable for 

a transparent conducting film. In Fig. 4.43, it is observed that α first increases slowly in the 

low energy region and then increases sharply near the absorption edge, so the value of the 

α depends on Ts. The Eg of the TiO2 thin films decreases when Ts increases. At Ts of 250°C 

the Eg was found to be 3.62 eV and a minimum value 3.40 eV was observed at Ts of 400 

°C, as seen in Fig. 4.44. The value of Eg for Ts of 450 °C is same as those of TiO2 thin films 

prepared at Ts of 400 oC. It can be seen that a band gap tuning of 0.22 eV is possible when 

Ts is changed by about 150 °C by increasing Ts. It may be due to some modification in 

surface morphology and structure of the TiO2 thin films. The observed Eg values are in 

good agreement with the reported values 3.60 to 3.40 eV ( Ts = 375 -475 oC) of TiO2 thin 

films prepared by SPT [15].  
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Fig. 4.42 Optical transmittance vs. wavelength for TiO2 thin films synthesized at various  
Ts (MC = 0.10 M)  
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Fig. 4.43 Variation of (αhν)2 with hν for TiO2 thin films synthesized at various Ts (MC = 0.10 M) 

 

           
 

Fig. 4.44 Variation of Eg with Ts of TiO2 thin films synthesized at various Ts (MC = 0.10 M) 
 
4.3.2.3.2 Refractive Index and Extinction Coefficient   

The n for TiO2 thin films decreases with increasing Ts, as shown in Fig. 4.45. The n of TiO2 

thin film is obtained to be 2.75 at Ts of 250 °C and it becomes lowest 2.55 at Ts of 400° C. 

This value agreed well with the n values for TiO2 thin film synthesized using titanium 

(IV) isoprop-oxide as a precursor by spin coating method [42]. The low value of 

n may probably be due to the smaller density of the films which is suggested by Arai [43]. 

The decrease of n with Ts may be due to the decrease of defects in the thin films. The 

variation of k with wavelength is presented in Fig. 4.46. It is observed that k increases with 
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the increase of Ts. The k of about 0.05 in the range of wavelength 500-1100 nm is very 

close to the reported value of TiO2 thin films prepared by sol-gel dip coating process 

deposited on glass substrate using titanium isopropoxide in isopropanol alcohol [44].  

           
 

Fig. 4.45 Variation of  n with Ts of TiO2 thin films (MC = 0.10 M) 
 

           
 

Fig. 4.46 Variation of k with hν at various Ts for TiO2 thin films (MC = 0.10 M) 
 
4.3.2.4 Electrical Properties    
 
Variation of ρ of TiO2 thin films synthesized with 0.10 M solution for different Ts with 

temperature is shown in Fig. 4.47. This behavior of TiO2 thin films indicates 

semiconducting nature. The variation of room temperature ρ of TiO2 thin films as a 

function of Ts is shown in Fig.4.48. It is observed that ρ of the TiO2 thin films is decreased 
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with increasing Ts. The decrease of ρ means increase of σ with temperature which may be 

due to the increase of carrier mobility or due to increase of carrier concentration for neutral 

defects and morphological changes of the films. It may be due to increase in the free path 

of carrier concentration. The formation of these defects depends on the sticking coefficient, 

nucleation rates, etc. of the thin films on the hot substrate during deposition.  
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Fig. 4.47 Variation of ρ with room temperature for TiO2 thin films at various Ts (MC=0.10M) 
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Fig. 4.48 Variation of resistivity at room temperature for TiO2 thin films at various Ts 

 (MC=0.10 M) 
The σ of the prepared TiO2 thin films increases as Ts increases which is shown in Fig.4.49. 

At high temperature, the mechanism of impurity thermal activation becomes the dominant 
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one. TiO2 thin films deposited at Ts of 400 oC has high electrical conductivity. The increase 

in σ is due to the increase in the crystalline nature as the Ts increases. Consequently, Ti4+ 

ions have more concentration in the films obtained at high Ts. Regarding the O2- ions, 

which results in an increase of the free electron concentration after there is a decrease in 

the resistivity of the films [45-46]. On the other hand, the increase in the conductivity with 

temperature can also be explained as follows: the grain size increases with Ts which leads 

to a decrease in grain boundaries and so is the case in electrical resistivity [31, 39]. This is 

clearly understood from XRD patterns of TiO2 thin films where one can see a single phase 

structure of TiO2 thin film (Fig.4.41). It is established that the single phase structure 

enhances the electron mobility thus improve the conductivity [32]. So the high electrical 

conductivity has been found for TiO2 thin films deposited at Ts of 400 oC.  

Ea is calculated from the slope of the lnσ vs. (1/T) curves in Fig. 4.49 and the variation of 

Ea with different Ts is shown in Fig. 4.50. The low value Ea may be associated with the 

localized levels hopping due to the excitation of carriers from donor band to the conduction 

band. This low value of activation energy was assumed due to the nonstoichiometry of the 

TiO2 thin film but in the present case the higher values of activation energy may suggest 

that the prepared samples are stoichiometric at higher Ts. From SEM and EDX 

observations, it is also found that TiO2 thin films are stoichiometric.  

The Figure of merit is well-known as an index for evaluating the performance of 

transparent conducting films, and it is given by the equation F = (− ρlnT)−1 where ρ is the 

electrical resistivity and T is the average transmittance in the wavelength range of 800-

1100 nm. Fig. 4.51 shows the Figure of merit values of TiO2 thin films deposited at various 

Ts. The Figure of merit for the TiO2 thin films deposited at Ts  of 250 - 400 °C are found 

to be 0.0666 - 0.2238 Ω−1-cm−1. The increase in the Figure of merit of the TiO2 thin films 

is mainly due to the increase in the optical transmittance with increasing Ts. The 

experimental data suggest that Ts of 400 °C is the best Ts with other conditions for 

depositing high-quality TiO2 thin films.                                                         
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Fig. 4.49 Variation of lnσ with respect to inverse temperature T (K) for TiO2 thin films at various 
Ts (MC=0.10 M) 

             

 
 

Fig. 4.50 Variation of activation energy with Ts of TiO2 thin films (MC=0.10 M) 
 

    
Fig. 4.51 Variation of Figure of merit with Ts of TiO2 thin films (MC=0.10 M) 
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4.3.3 Summary of Findings on TiO2 Thin Films   
Transparent and homogeneous TiO2 thin films have been synthesized using TiCl4, ethanol 

and water solution by employing SPT at Ts from 250 to 450 °C and MC variation from 

0.05 to 0.15 M. SEM images suggest that homogeneity of TiO2 thin films improved with 

Ts and are stochiometric. Elemental analysis clearly showed that the TiO2 grains were 

typically comprised of both Ti and O.  XRD data confirmed that the TiO2 thin films were 

highly oriented along the plane (101). TiO2 thin film prepared at Ts of 400 °C with 0.10 M 

is tetragonal structure. Strong diffraction peaks (101) and (200) at 25° and 48° respectively 

indicating TiO2 in the anatase phase. The peaks were found to shift slightly from their 

standard positions at higher Ts, and there was some deviation in the lattice parameters. The 

average D was found to vary from 11.21 to 13.51 nm with increasing  concentration. D is 

found to be around 13 nm for TiO2 thin film deposited at Ts of 400 oC. The average T is 

70-85% in the wavelength range of 800-1100 nm and the band gap energy shifts from 3.64 

to 3.40 eV with the increase of Ts and MC. The n of the thin films is about 2.76 for MC of 

0.05 M and 2.55 for MC of 0.10 M.  The lowest value of Eg and n are 3.40 eV and 2.55 

respectively for TiO2 thin films deposited at Ts of 400 oC from solution of 0.10 M. The k 

values of the grown films indicated that the films are stronger absorbing medium in the 

lower wavelengths. The room temperature ρ varies from 42 to 27 Ω-cm for the thin films 

grown at different Ts and 55.67 to 37.96 Ω-cm for variation of MC from 0.05 to 0.15 M. 

The minimum ρ was found to be 27 Ω-cm for TiO2 thin film deposited at Ts of 400 °C. Ea 

of TiO2 thin films varies in the range of 0.010 to 0.028 eV for different Ts. The highest 

Figure of merit found for the film grown at 400 °C with an optical transmittance about 85% 

in the wavelength range of 800-1100 nm. The obtained experimental results compared with 

others, it can be inferred that prepared TiO2 thin films are of good quality. The results 

suggest that high-quality TiO2 thin film can be produced when deposited at a growth 

temperature of 400 °C. Finally, it is stated that the SPT could be employed for large-scale 

synthesis of TiO2 films.  The obtained experimental results also discuss the suitability of 

homogeneous TiO2 thin films as transparent and conducting window materials in solar 

cells, gas sensors etc. applications.  
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4.4 Results and Discussion on Cu/TiO2 Thin Films 

 
4.4.1 Cu doped TiO2 Thin Films Synthesized from Aqueous Solutions of 
(0 -10%) (Cu(CH3COO)2.H2O) Doped in TiCl4 of 0.10 M Molar 
Concentration at Ts of 400 oC 
 
4.4.1.1 Surface Morphology and Elemental Analyses  
To examine the surface morphology of the TiO2 and Cu/ TiO2 thin films, SEM images 

were recorded and the images are presented in Fig. 4.52. The surface of the TiO2 thin films 

prepared at Ts of 400 oC is homogeneous and there are no clearly visible grains. This is in 

good agreement with TiO2 thin films prepared by SPT at Ts of 410 oC using tetraisopropyl 

titanate as precursors [47].  SEM micrographs reveal the formation of particles with 

different shapes and sizes, and coalesced grain agglomerates. However, a comparative 

study shows that the morphology of particles depend on the precursor solution as well as 

Cu incorporation in TiO2 matrix. After Cu doping the surface is flat and without any 

microcrack. This fact is in good agreement with the proposed growth mechanism, 

nucleation and the subsequent combination of the nuclei lead to a final film microstructure. 

The thin films consist of near-spherical particles with an average diameter. It is seen the 

SEM images that agglomerates become larger as Cu doping increases up to 8%. This 

change corresponds to the change in D as observed in XRD data in Table 4.9. If SEM 

images of prepared Cu/TiO2 thin films are compared with the SEM images of hemin doped 

TiO2 thin films, it is seen that the films obtained from hemin doped TiO2 are homogeneous 

with amorphous background. But when these films were annealed above 400°C, exhibited 

a uniform distribution of grains with an average grain size of about 50 – 100 nm and shows 

the compact structure with the segregation of hemin atoms [48]. 

The presence of Ti and O in TiO2 thin film and Ti, O and Cu in Cu/TiO2 thin films was 

observed by EDX. EDX analysis reveals the presence of Ti, O and Cu in Cu/TiO2 and 

confirms the formation of Cu/TiO2 thin films (Table  4.8).   
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Fig. 4.52 SEM images of Cu/TiO2 thin films (Ts = 400 oC, MC = 0.10 M) 
 

Table 4.8 Elemental analysis of Cu/TiO2 thin films (Ts = 400 oC, MC = 0.10 M) 
  

wt% of 
Element  

Cu  (wt%) 

0 1 2 4 8 10 

Ti 67.34 65.51 65.12 63.64 61.40  60.61  

Cu 0 0 1.45 3.24 7.32 8.64 

O 32.66 34.49 33.43 33.12  31.28 30.75 

10 μm 

b a 

c d 

10 μm 10 μm 
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2% Cu doped  T iO2 

T iO2 1% Cu doped  T iO2 

4% Cu doped  T iO2 

8% Cu doped  T iO2 10% Cu doped  T iO2 
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4.4. 1.2 Structural Analyses    
 Fig. 4.53 shows XRD patterns of the synthesized Cu/TiO2 thin films. The prominent 

diffraction peaks can be identified as a TiO2 phase with tetragonal crystal structure with 

characteristic peaks at 2θ = 25.35o, 38.05o, and 48.50o correspond to (hkl) values of (101), 

(004), and (200) respectively. The peaks of Cu/TiO2 were identified by comparing JCPDS 

– 84 – 1286 data file which confirmed tetragonal (anatase, 2θ=25.35o) structure of Cu/TiO2 

thin films. It is noteworthy to mention that the diffractograms of the samples do not contain 

any peak assigned to rutile phase (2θ=27.36o). These diffraction data of Cu/TiO2 thin films 

are in good agreement with the XRD data of TiO2 thin films prepared by RF magnetron 

sputtering [49]. TiO2 thin films grown by MOCVD showed anatase phase when deposited 

on to Si (100) substrate and amorphous when deposited on to glass substrate [48]. No plane 

for Cu or CuO is present in the XRD patterns for Cu/ TiO2 thin films. This observation is 

satisfied by comparing with the XRD data reported in ref. [50-52]. It was reported [53] that 

the Cu/TiO2 thin films had anatase phase when annealed at 900 oC and some shifts in the 

Bragg’s peaks have been observed in Cu/TiO2 thin films which might be due to the 

presence of Cu in the structure.  Thus  it is seen that the as deposited TiO2  and M/TiO2 

thin films are amorphous or mixed polycrtstalline/amorphous in nature in their work 

whereas in the present study the TiO2 and  Cu/TiO2 thin films synthesized by SPT are 

crystalline in nature with anatase phase tetragonal system. Thus this is an advantage over 

some of the techniques to synthesize crystalline M/TiO2 thin films.  

From the diffraction peaks (101) of Fig.4.53, D was calculated using Debye-Scherrer’s 

formula [1], and lattice constants a, and c of TiO2 calculated from the formula for tetragonal 

crystal structure, and these values of the lattice constants are recorded in Table 4.9.  It is 

seen in the Table 4.9 that lattice parameters a and c increase with Cu doping. The small 

change in the lattice parameters is mainly due to occupying interstitial positions in the 

lattice by the dopant. It is evident that the lattice parameters remain almost constant up to 

4% of Cu doping, but more change occurs for 8% of Cu doping and above 8% of Cu doping 

a decreasing trend is observed. For concentrations at or under 8% of Cu, the Cu substitutes 

into the Ti sites of the lattice, while higher concentrations led to slight change in the 

formation of the the crystal lattice. This may be due to the lattice disorder and strain 

induced by Cu+2 substitution in the host lattice. D varyies from 13.51 to 14.76 nm (Table-
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4.9) for Cu/TiO2 thin films, which are smaller than those for the commercially available 

ones (26.7 nm) and much smaller than 50 nm for TiO2 thin films prepared by spin coating 

method from Ti(OC4H9)4  precursor [39-40]. No peak corresponding to either Cu or any 

of its oxides is observed in any of the diffractograms, which indicates that no additional 

phase present in the prepared Cu/TiO2 thin films at least within the limit of 10 wt% of Cu. 

It is suggested in reference [54] that Pt/TiO2 nanocomposite thin films prepared by co-

sputtering method, maintaining a single phase beyond this level is difficult. The crystallite 

size increases may be due to the decrease of strain and dislocation density in the film [16].  

 
 

.

20 25 30 35 40 45 50 55

(2
0

0
)

(0
0

4
)

(1
0

1
)

10% Cu

8% Cu

4% Cu

2% Cu

Pure 

In
te

n
si

ty
 (

a
.u

)

2 (Degree)  
Fig. 4.53 XRD patterns of Cu/TiO2 thin films (Ts = 400 oC, MC =0.10 M) 

 
Table 4.9 XRD data for Cu/TiO2 thin films (Ts = 400 oC, MC =0.10 M) 

 
Cu (wt%) 0 2 4 8 10 

D (nm) 13.5138 13.5172 13.6119 14.76 14.56 
  a  (Å)                              
c  (Å) 

3.8067 
9.1021 

3.8188 
9.1285 

3.8246 
9.1452 

3.8567 
9.2132             

3.8514 
9.2014             
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4.4. 1.3 Optical Properties 
 

4.4. 1.3.1 Transmittance and Optical Band Gap 

Fig. 4.54 shows the variation of T with wavelength in the wavelength region of 300 to 1100 nm 

for Cu/TiO2 thin films synthesized at Ts of 400 oC. It is seen from Fig. 4.54 that the values of  T 

are higher in the visible and NIR regions. TiO2 thin films prepared at Ts of 400 ºC exhibit a T 

of > 60%, in the visible and NIR regions and that for Cu/TiO2 thin films is > 70% in the 

visible and NIR regions, which is greater than that of TiO2 thin films. An average of 75 to 

80% T is observed in the wavelength range of 800-1100 nm and below 600 nm T decreases 

gradually. A sharp ultraviolet cut-of at λ = 300 nm, for TiO2 and Cu/TiO2 thin films was 

found. These results in this experiment comply well with the findings in ref. [55]. The T 

increases from 5 to 10% with Cu doping, and shows the highest T of about 95 % for the 

thin films grown with 8wt% Cu. The T of the films is also influenced by a number of effects, 

which include surface roughness and optical inhomogeneity in the direction normal to the 

film surface.  A relatively high T value for the thin film deposited with 8% of Cu may be 

attributed to less scattering due to the decrease in the degree of irregularity in the grain size 

distribution. The observed value of T is low compared to the reported values for Li and Nb 

doped TiO2 thin films prepared by SPT [55]. The variation of α of Cu/TiO2 thin films is 

shown in Fig.4.55. The α in the entire wavelength region is low but it is high at wavelength 

<400 nm. The value of the α depends on Cu doping. It decreases as the concentration of 

Cu increases upto 8 wt% but α increases above 8% Cu doping. This reduction of 

absorbance in Cu/ TiO2 thin films can be explained as due to the removal of defects and 

disorder in the TiO2 thin film by Cu doping. The important optical characteristic of Cu/TiO2 

thin film is that it is transparent in the wavelength ranging from 400 to 1100 nm. At 

wavelengths shorter than 400 nm, absorption occurs due to the fundamental band gap, and 

thus light cannot be transmitted due to quantum phenomenon. At longer wavelengths, 

reflection occurs because of the plasma edge, and light cannot be transmitted due to a 

classical phenomenon.  

The Eg is determined from the plots of (αhν) 2 vs. hν for direct transition of Cu/TiO2 thin 

films, as shown in Fig. 4.56. The Eg of the films has been obtained from the intercept on 

the energy axis after extrapolation of the straight line section of  (αhν)2 vs. hν curve. The 
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variation of Eg for Cu doping is presented in Fig. 4.57. The Eg of  TiO2 thin films obtained 

to be 3.40 eV which is in excellent agreement with the value of Eg, 3.40 – 3.65 eV reported 

by other worker for TiO2 thin films deposited by SPT [15]. For 8% Cu doping the direct 

band gap of the film becomes 3.20 eV. So it is clear that for Cu doping the Eg decreases up 

to 8% Cu doping and increases above 8% Cu doping. These values are lower compared to 

the reported values of TiO2 thin films prepared by SPT [55]. The excess of Cu atoms do 

not occupy the proper lattice positions to contribute to the free carrier concentration while, 

at the same time, enhance the disorder of the structure leading to an increase in Eg [56]. 

Beyond 8% Cu doping scattering occurs due to increase of disorder resulting, in Eg increase. 

As it can be seen, in both cases, the Eg energies obtained by this method are larger than the 

value in stoichiomteric bulk TiO2 (3.20 eV for anatase phase and 3.11 eV for rutile phase) 

[47, 57], which is probably due to the polycrystalline nature and to the reduced grain size 

of the films. After Cu doping the band gap of TiO2 thin films reduces, such reduction in Eg 

is reported for Ge/TiO2 thin films [57].  
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Fig. 4.54 Optical transmittance vs. wavelength of Cu/TiO2 thin films  

 (Ts = 400 oC, MC = 0.10 M) 
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Fig. 4.55 α vs. wavelength of Cu/TiO2 thin films (Ts = 400 oC, MC = 0.10 M) 
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Fig. 4.56 Variation of (αhν)2 with hν for Cu/TiO2 thin films (Ts = 400 oC, MC = 0.10 M) 
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Fig. 4.57 Variation of Eg with Cu for Cu/TiO2 thin films (Ts = 400 oC, MC = 0.10 M) 



147 
 

4.4. 1.3.2 Refractive Index and Extinction Coefficient    

The variation of n for Cu/TiO2 thin films with Cu doping is shown in Fig. 4.58. The n of 

TiO2 thin film has been obtained to be 2.55 which is very close to the reported values 2.60 

to 2.55 and lowest refractive index become 2.45 for 8% Cu doping. These observed results 

are well matched with the results of TiO2 thin films prepared by MOCVD which is close 

to 2.6 [56]. As suggested by Arai in ref. [58], the low value of refractive index may 

probably due to the smaller density of the films.  

The variation of k with hν is presented in Fig. 4.59. It shows that k about 0.04 in the range 

of wavelength 500 - 1100 nm. The plotted curves of n and k are very similar to that 

described for TiO2 thin film prepared by sol-gel dip coating and the bulk TiO2 [44, 59]. 

This low value of k may probably be due to the smaller density of the films. It is observed 

that the k decreases with the increase of Cu doping (2-8%) in the range of wavelength 500 

- 1100 nm. It is also observed that k of Cu/TiO2 thin film increases of for doping by 10 

wt% Cu, which may be due to the increase of inhomogenity and surface roughness of the 

films so that, the defect in the film increases. This is expected as the periodicity of Ti matrix 

is disturbed in the film in presence of Cu atoms which might enhance the scattering of the 

conduction electrons.  On increasing the concentration of Cu the band gap of the Cu/TiO2 

decreases and above 8% Cu doping increases the band gap of the Cu/ TiO2 thin film which 

may be due to the decrease in the atomic density of these films. This process leads to the 

movement of Ti+4 ions in the interstitial sites and also an increase in the amorphous phase 

and disorder in Cu/TiO2. This behavior appears to be a consequence of valence fluctuation 

in Ti between the 2+ and 4+ states. It attribute that Ti interstitials rather than oxygen 

vacancies alone present as Ti2+.  
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Fig. 4.58 Variation of refractive index with Cu for Cu/TiO2 thin films  
(Ts = 400 oC, MC = 0.10 M) 

  

200 300 400 500 600 700 800 900 1000 1100

0.01

0.02

0.03

0.04

0.05

0.06

0.07

0.08

0.09

0.10

0.11

0.12

 

 

E
x
ti
n

c
ti
o

n
 c

o
e

ff
ic

ie
n

t,
 k

Wavelength  (nm)

 Pure

 2% Cu

 4% Cu

 8% Cu

 10% Cu

 
          

Fig. 4.59 Variation of extinction coefficient with wavelength for Cu/TiO2 thin films 
(Ts = 400 oC, MC = 0.10 M) 

 
 
 
 
 

 



149 
 

4.4. 1.4 Electrical Properties  
The variation of ρ with temperature 300 t0 470 K is presented in Fig. 4.60. It is observed 

that ρ of the Cu/TiO2 thin films is decreased with increasing Cu doping. The decrease of ρ 

with temperature which may be due to the increase of carrier mobility or due to increase of 

carrier concentration for neutral defects and morphological changes of the films. Whereas 

the decrease in ρ with Cu doping can be explained in terms of stoichiometric changes 

induced by Cu introduction in the lattice vacancies and neutral defects in Cu/TiO2 thin 

films. The formation of these defects depends on the sticking coefficient, nucleation rates 

and migration of impinging copper and oxygen species on the substrate during deposition. 

Fig. 4.61 also shows that ρ decreases with increasing concentration of Cu. This observed 

reduction in resistivity upon doping is understandable, as some Ti atoms are replaced with 

Cu, where the shell is not full and has states near the bottom of the conduction band. This 

addition of conduction band states will accommodate more conduction electrons and 

therefore lower the resistivity. This kind of behavior has been observed in previous Ni/ZnO 

thin films studies [60]. The room temperature ρ of the films decreases with increase of Cu 

doping (0 -10%) and is found to be 27.50-23.57 Ω-cm. The obtained results indicate that ρ 

of the thin films reaches to a minimum value of 23.19 Ω-cm with 8% of Cu doping. This 

resistivity behavior is due, on the one hand, to the increase of the Ti atoms in the regular 

sites in the films network. The concentration of Ti4+ in Cu/TiO2 thin films forms a donor 

level in the band gap of TiO2 which results in the reduction of recombination of electrons 

and holes [39, 46]. Consequently, Ti4+ ions have more concentration in thin films obtained 

with high Cu doping. Regarding the O2- ions, which results in an increase in the free 

electron concentration; thereafter there is a decrease in film’s resistivity [46]. The electrical 

conductivity obtained for the synthesized TiO2 thin films for Cu doping (0 – 8%) varying 

from 4×10-2 to 5×10-2 Ω−1-cm−1 which are much smaller than 1.42×102 Ω−1-cm−1 (on glass 

substrate) and 3.46×105 Ω−1-cm−1 (on ITO substrate), reported for TiO2 thin films prepared 

by spin coating method from TiCl4 precursor [61].   
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Fig. 4.60 Variation of resistivity with temperature for Cu/TiO2 thin films 

(Ts = 400 oC, MC = 0.10 M) 
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Fig. 4.61 Variation of resistivity with Cu for Cu/TiO2 thin films  
(Ts = 400 oC, MC = 0.10 M) 
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prepared by DC magnetron sputtering (at temperature = 310-468K) have been found to be 

2.42-0.12 Ω−1-cm−1 [62], which is well agreed with the result observed in the present study. 

The Ea is calculated from the slope of the curves lnσ vs. (1/T) and the variation of Ea with 

Cu (0- 10 wt %) is presented in Fig. 4.63. The Ea is maximum, 0.0311 eV for 8% Cu doped 

thin films.  It is observed that for Cu doping the Ea increases. The low value Ea may be 

associated with the localized levels hopping due to the excitation of carriers from donor 

band to the conduction band. This low value of Ea was assumed due to the 

nonstoichiometry of the TiO2 thin film but in the present case the higher values of Ea of 

Cu/TiO2 thin films may suggest that the prepared samples become more stoichiometric 

with Cu doping.  

Variation of Figure of merit vs. Cu (0-10%) TiO2 thin films is presented in Fig. 4.64. It is 

seen that due to Cu doping the Figure of merit is increased. The Figure of merit of Cu/TiO2 

thin films is varied from 0.2238 to 0.0.2334 Ω-1-cm-1 for Cu doping from 1 to 8 wt% and 

it become reduced for more than 8 wt% Cu doping.  The increase in the Figure of merit of 

the Cu/TiO2 thin films is mainly due to the increase in the optical transmittance with 

increasing Cu doping. The increase of resistivity can be explained by more carrier 

concentration and disordering of crystal structures of thin films. It may be stated that the 

optical and electrical characterization of TiO2 thin films has been modified with Cu doping 

in thin films.                                                 

2.0 2.2 2.4 2.6 2.8 3.0 3.2 3.4
-3.6

-3.4

-3.2

-3.0

-2.8

-2.6

-2.4

-2.2

-2.0

-1.8

-1.6

 

 

L
n

 

1000/T (K
-1
)

 0% Cu

 1% Cu

 2% Cu

 4% Cu

 8% Cu

 10% Cu

 
Fig. 4.62 Variation of lnσ with inverse of temperature T (K) for Cu/TiO2 thin films (Ts = 

400 oC, MC = 0.10 M) 
 



152 
 

           
0 2 4 6 8 10

0.0280

0.0285

0.0290

0.0295

0.0300

0.0305

0.0310

0.0315

0.0320

 

 

A
c
ti
v
a

ti
o

n
 E

n
e

rg
y
, 

(e
V

)

Cu (wt%)  
 

Fig. 4.63 Variation of activation energy with Cu for Cu/TiO2 thin films    
(Ts = 400 oC, MC = 0.10 M) 
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4.4.2 Summary of Findings on Cu/TiO2 Thin Films 
The doping concentration of Cu was varied from 1-10 wt.%. The average thickness of the 

film is found to be 200 nm. SEM images of Cu/TiO2 thin film show good and homogeneous 

surface. EDX data reveal that Ti, Cu, and O are present in Cu/TiO thin films. TiO2 thin 

film made up of tetragonal structure with anatase phase. Cu/TiO2 films showed good 

crystallinity, suggesting the substitution of Ti ion by Cu ion as evident from XRD. XRD 

results indicated that the Cu ions replaced the Ti ions without changing the tetragonal 

structure. The optical transmission of the thin films was found to increase from 88 % to 

94 % with the addition of Cu up to 8 wt% and, beyond 8 wt% of Cu doping transmission 

decreases. The optical band gap for TiO2 thin film is found to be 3.40 eV. Due to Cu doping, 

the band gap is shifted to lower energies and then increases further with increasing 

concentration of Cu. The refractive index of the thin films is found to be 2.58 and the 

variation of refractive index is observed due to Cu doping and that for 8 w% of Cu doped 

TiO2 thin film is 2.45, which is minimum. The room temperature resistivity of the films 

decreases with increasing Cu doping and is found to be 27.50- 23.19 Ω-cm. TiO2 thin film 

shows resistivity, 27.50 Ω-cm, after Cu doping it reduces to 23.19 Ω-cm for 8 wt% of Cu 

doping in thin films. Again resistivity of the Cu/TiO2 thin films increases when Cu doping 

is increased above 8 wt%.  The maximum value of Ea and Figure of merit for Cu/TiO2 thin 

film is 0.0311 eV and 0.2334 Ω-1-cm-1 for Cu doping of 8wt%.  

It is evident from the present study that the Cu doping promoted the thin film morphology. 

These results demonstrate the ability of tuning band gap of TiO2 thin films by Cu doping.  

By doping Cu the TiO2 thin film becomes conductive so it can be used as transparent 

conducting electrodes. It may also be used in sensors. Finally, the results found in the 

present study and the reported ones are summarized in the following Table 4.5 for 

comparison.  
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4.5 Summary of Results of the Prepared Thin Films and the Reported 
TiO2 Thin Films  
 
Table 4.10 Comparison of results of all prepared TiO2 thin films with the reported results 

of TiO2 thin films 
 
Technique, 

Salt 
Variation Structure Eg (eV) ρ (Ω-cm) Ea (eV) Ref. 

No. 
SPT, TiCl4 M = 0.05-0.10, 

0.15  
Anatase 3.65-3.4, 

3.7 
55.67-27.5, 

37.96 
0.0183-
0.0285 

Present 
sample 

Ts = 250- 450 oC Amorphous- 
Anatase 

3.62 -3.4 42.12-27.90  0.0105-
0.0285 

Cu(0-8%,  
10 wt%)  

Anatase 3.4 -3.2, 
3.5 

27.50- 23.57 0.0289- 
0.0319 

SPT, 
Ti(OC3H7)4 

MC 
0.05 -0.125 

Amorphous,  
Anatase 

3.60-3.45  Thickn
ess, t = 
480-

735 nm 

[15] 

Ts = 375 -475 oC 3.60-3.40 
SR = 1-4 ml/min 3.65-3.50 

RF mag. 
sputtering. 
Ge-TiO2 

Ge  
(9 – 33%) 

Anatase, 
Rutile, Ge  

0.70 -2.2  t  = 1-
0.5 μm 

[57] 

 Spin 
coating, 
TiCl3 

Substrate Rutile  10.69 Ω/sq 
σ =3.46 ×105 

Ω−1-cm−1 

 [25] 

SPT,  
Ti(OC3H7)4 

Ts = 315 -500 oC Anatase at  
Ts = 500 oC  

n = 2.1 – 
2.4 

dielectric 
cons. 75  

 [41] 

DC mag.  
sputt., TiO2 

Temperature 
310-468 K 

  σ = 2.42-0.12 
Ω−1-cm−1  

 [62] 

Solgel,  
Ti [OC3H7]4  

Ta =  400-700 oC 
a= annealing 

Anatase – 
Ana. + Rutile 

3.13-3.0   [50] 

Solgel,  
Ti [OC3H7]4 

Ta = 0 – 400 oC Amophous - 
Anatase 

3.42 -
3.04 

0.14 – 0.08 t = 232 
– 177 
nm  

[39] 

Solgel Cu (1-10 wt%) 
Ts = 450 oC 

Anatase 
 

   [64] 

RF 
magnetron 
sputtering, 

TiO2 

TiO2  
Ta = 200 – 400 oC  

Amophous- 
Anatase 

3.64 - 
3.78 

  [63] 

TiO2+2%ZnFe2O4 
Ta = 200 – 400 oC 

Anatase- 
Composite 

3.14 - 
3.56  

RF, 
TiO2, Cu 

As deposited Amorphous    [53] 
Ta = 300 -900 C Anatase- 

Anatase+Rutile 
3.2 -3 
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CHAPTER- V 
 

CONCLUSIONS  
 
5.1 Conclusions 
The purpose of this chapter is to summarize the results obtained in this study. As 

demonstrated, the low-cost spray pyrolysis technique (SPT) can be used to obtain uniform 

conductive layers of CuO, TiO2 and Cu/TiO2 thin films with good repeatability. The effects 

of varying the concentration and Ts on the structural, optical and electrical properties were 

investigated on the above mentioned compounds synthesized by SPT in thin film form. 

The results of the present study are summarized below and the noteworthy conclusions are 

described as follows:  

The CuO and TiO2 thin films were deposited on to glass substrates at various Ts from 250 

to 450 °C and various MCs from 0.05 to 0.15 M and Cu/TiO2  thin films were prepared by 

varying Cu doping concentration (1-10 wt%) at Ts = 400 °C and MC = 0.10 M by SPT. 

Good stochiometric and homogeneous CuO thin films with monoclinic structure have been 

obtained at Ts = 350 °C and MC = 0.10 M. The lattice constants of the CuO thin films for 

solution of 0.10M and Ts of 350 °C are found to be: a = 4.6623 Å, b = 3.4431 Å and c = 

5.1345 Å and are in good agreement with the standard JCPDS data for monoclinic structure 

of CuO. The crystallite size is about 9.5743 Å for the CuO thin film synthesized at the 

optimized condition. The Eg varies from 1.90 to 1.65 eV. The lowest value of Eg and n are 

1.65 eV and 2.52, respectively, at Ts of 350 °C and MC = 0.10 M. The minimum ρ of about 

18 Ω-cm for the CuO thin films is observed for Ts = 350 °C and MC = 0.10 M. The electrical 

measurement reveals the semiconducting behavior of the CuO thin films. The activation 

energy in the high temperature region, E1 is found to be 0.30 eV and that in the low 

temperature region, E2 is found to be 0.12 eV for CuO thin film deposited at Ts of 350 oC 

from solution of 0.10 M. 

The highest value of Figure of merit occurs for the film grown at Ts = 350 °C and MC = 

0.10 M with an optical transmittance about 76% in the wavelength range of 800-1100 nm.  

The crystalline phases, surface morphology, optical and electrical properties of the 

prepared CuO thin films are found to be significantly influenced by the variation of MC 

and Ts. From the obtained experimental results as compared to others, it can be inferred 
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that CuO thin films prepared from 0.10 M solution of Cu(CH3COO)2.H2O at Ts of 350 °C 

bears good quality. The synthesized CuO thin films could be environmental friendly and 

suitable as a potential buffer layer in the fabrication of heterojunction solar cells, 

optoelectronic devices etc.  

Roughness of TiO2 thin film decreases with increasing MC and Ts  and optimum surface 

condition is observed at Ts = 400 oC for MC = 0.10 M. Elemental analysis clearly shows 

that the grains in TiO2 thin films  typically comprise of both Ti and O. At Ts < 300 oC, the 

TiO2 thin film is amorphous in nature. At Ts≥ 300 oC, strong diffraction peaks 

corresponding to (101) and (200) planes at 25° and 48° respectively indicating TiO2 thin 

films have tetragonal structure with anatase phase. The peaks are found to shift slightly 

from their standard positions at higher Ts, and there is some deviation in the lattice 

parameters. The lattice constants of the TiO2 thin films are found to be: a = b = 3.8067 Å, 

and c = 9.1021 Å, and the D is found to be around 13.51 nm for MC of 0.10 M and Ts of 

400 oC. TiO2 thin film prepared with 0.10 M at Ts = 400 oC is homogeneous and having 

good stochiometry with tetragonal structure. The optical transmission of TiO2 thin films is 

found to increase from 73 to 89 % and the Eg shifts from 3.64 to 3.40 eV with the increase 

of Ts. The lowest Eg is 3.4 eV, and the lowest value of n is 2.55 for the film obtained at Ts 

of 400 °C from solution of 0.10 M. The k values of TiO2 thin film indicated that the films 

are stronger absorbing medium in the lower wavelengths. The n of TiO2 thin film is 2.55 

for MC of 0.10 M and Ts of 400 oC.  The best surface structure and transparent TiO2 thin 

film is obtained for 0.10 M and Ts of 400 oC. The minimum ρ and maximum value of Figure 

of merit of TiO2 thin film deposited at Ts of 400 oC from solution of 0.10 M are found to 

be 27 Ω-cm and 23 Ω-1-cm-1, respectively. The room temperature ρ varies from 42 to 27 Ω-

cm for TiO2 thin films grown for Ts varying from 250 to 450 oC. The ρ of TiO2 thin film 

decreases as Ts increases. The minimum ρ is found to be 27 Ω-cm for TiO2 thin film 

deposited at Ts of 400 °C from solution of 0.10 M. The Ea of TiO2 thin films varies in the 

range of 0.010 to 0.028 eV for different MC and Ts. Ea is found to be 0.28 eV for TiO2 thin 

film obtained at Ts of 400 oC from solution of 0.10 M. The highest Figure of merit is found 

for the film grown at 400 °C with an optical transmittance about of 85% in the wavelength 

range of 800-1100 nm.  
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It can be attributed that synthesized TiO2 thin films have better structural, optical and 

electrical properties when deposited at Ts of 400 °C from solution of 0.10 M. The observed 

experimental results indicate the suitability of this material as transparent and conducting 

window material in thin film solar cells, gas sensor devices, etc.  

The Cu/TiO2 thin film surface is homogeneous and Ti, Cu, and O are present in Cu/TiO2 

thin film in stoichiometric ratio. Cu/TiO2 thin films grown by SPT shows good crystallinity 

and tetragonal structure with anatase phase, suggesting the substitution of Ti ion by Cu ion 

as evident from XRD analysis.  The value of D increases with Cu doping. Lowest value of 

13.52 nm and highest value of 14.76 nm are observed for 2 and 8 wt% Cu doped TiO2 thin 

films respectively. The values of a and c of Cu/TiO2 thin film increase with Cu doping.  

The optical transmission of Cu/TiO2 thin films is found to increase from 88 % to 94 % with 

the addition of Cu up to 8 wt% and decreases for higher percentage of Cu doping.  Due to 

Cu doping, the Eg is shifted to lower energy, 3.20 eV, for 8 wt% of Cu/TiO2 thin film and 

increases further with increasing the concentration of Cu doping. The variation of n is 

observed due to Cu doping and it has lowest value of 2.45 for 8 wt% of Cu/TiO2 thin film. 

The room temperature ρ of Cu/TiO2 thin film decreases with increasing Cu doping and is 

found between 27.50 and 23.19 Ω-cm. It is reduced to 23.19 Ω-cm for 8% of Cu doping in 

thin films. Again, ρ of the Cu/TiO2 thin films increases when Cu doping is increased above 

8 wt%  Cu. The Ea varies with Cu (0-10 wt%) from 0.029 to 0.031 eV. The Ea is maximum, 

0.0311 eV, for 8 wt% Cu doped TiO2 thin films.  Figure of merit for the Cu/TiO2 thin films 

deposited at Ts of 400 °C varies from 0.2238 to 0.2328 Ω−1-cm−1 for Cu doping (1 – 10 

wt%) and it is maximum, 0.2334 Ω−1 - cm−1, for 8 wt% Cu doping TiO2 thin films.   

Notably, the XRD studies indicate that the prepared Cu/TiO2 thin films are polycrystalline 

in nature with preferred grain orientation along (111) plane, exhibiting tetragonal crystal 

structure with anatase phase. It is also observed that Cu doping tunes the Eg of TiO2 thin 

films. The conductivity increases with increasing Cu concentration. By doping Cu, the 

TiO2 thin film becomes conductive. So it can be used in transparent conducting electrodes, 

optoelectronic devices, sensors, etc. The structure, optical transmittance and electrical 

resistivity of Cu/TiO2 thin films depend on the concentration of the dopant, which are 

optimized in the present work.  
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The substrate temperature is the most important parameter that should be controlled when 

spraying. Before spraying, the temperature distribution contributes to the non-uniformity 

of the deposited thin films on the substrate. In conclusion, it can be stated that the SPT 

could be employed for large-scale and large area synthesis of CuO, TiO2 and Cu/TiO2 thin 

films because of its high yield, simplicity and relatively low cost. So SPT is a suitable and 

very good technique for the production of quality CuO, TiO2 and Cu/TiO thin films. 

In this research work, the results obtained from morphological, structural, optical and 

electrical studies on CuO, TiO2 and Cu/TiO2 thin films deposited by SPT are found to be 

in good agreement with the results obtained by other techniques.  

 

5.2 Suggestions for Further Research  
CuO, and TiO2 thin films have been deposited varying MC and Ts, and Cu/TiO2 thin films 

for MC of 0.10 M at Ts of 400 °C on glass substrate by SPT and have been studied some 

of their structural, optical and electrical properties. To understand further these films and 

details characterization are necessary. Hence to get better performance from the as 

deposited thin films by spray pyrolysis technique, the following research work may be 

extended: 

1. Characterization and analysis of prepared sample after annealing. 

2. Characterization and analysis of thin films prepared of more than 10% Cu doped. 

3. Investigation of the magnetic properties. 

4. Optimization of film growth condition like as thickness and deposition time. 

5. More structural study like as AFM. 

6. Measurements of Hall Effect and temperature dependence of Hall Effect, etc.  
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